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Abstract 
Vitamin A is essential for vision, and substantial health benefits are 
associated with its powerful antioxidant properties, including reduced risk of 
cardiovascular disease, diabetes, cancer, and neurodegenerative diseases. 
Crop plants are a major source of pro-vitamin A carotenoids (PVAC) which 
are converted into vitamin A in the liver. Unfortunately, most staple foods 
are low in PVAC, including cooking bananas, which is an important dietary 
source of energy for over 400 million people in the tropics and sub-tropics. 
Consequentially vitamin A deficiency is common in regions where bananas 
are a staple crop. Yet, not all bananas are low in PVAC. For instance, 
‘Asupina’, a Fe’i banana cultivar, naturally accumulates high levels of 
carotenoids in the fruit. However, the processes that regulate carotenoid 
accumulation in banana are generally not well understood.  
In this study, ‘Asupina’ and ‘Cavendish’, a low PVAC cultivar, were 
used to comparatively study transcriptional and non-transcriptional 
regulatory mechanisms in a bid to identify the molecular and biochemical 
processes that determine the PVAC difference between the two cultivars. 
Initially putative carotenoid pathway-related genes including DXS, GGPS 
and LCYB, were isolated from the fruit pulp of ‘Asupina’ and ‘Cavendish’ 
using a combination of amplification strategies. The expression levels of 
selected genes and carotenoid accumulation patterns were then determined 
across fruit development in both cultivars. Associations between carotenoid 
accumulation and gene expression patterns were determined by correlation 
analyses. ‘Asupina’ accumulated 86-fold more carotenoids than ‘Cavendish’ 
during fruit development. However, the patterns of carotenoid accumulation 
did not correlate simply with gene expression patterns in either cultivar. 
Subsequently, non-transcriptional regulation mechanisms were investigated. 
A carotenoid cleavage dioxygenase (CCD4) gene was isolated from both 
cultivars and found to have significantly higher expression in ‘Cavendish’ 
compared to ‘Asupina’ (P = 0.027), suggesting enzymatic degradation as a 
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potential regulatory factor in this cultivar. Transient silencing of ‘Cavendish’ 
CCD4 slightly increased carotenoid content compared to controls. 
Microscopic examination of fruit pulp during ripening revealed a direct 
transition of amyloplasts to carotenoid containing chromoplasts in ‘Asupina’ 
in contrast to ‘Cavendish’ which did not possess these structures. This 
observation indicates that ‘Asupina’ accumulates very high levels of 
carotenoids due to a greater metabolic sink compared to low PVAC cultivars. 
A branched pathway such as carotenoid biosynthesis from isoprenoid 
precursors is unlikely to be controlled by a simple regulatory process. 
Instead, control points are likely to be at multiple branch points and, as 
indicated in this study, involve both transcriptional and non-transcriptional 
events. The results obtained herein are thus discussed with respect to the 
complex and variable regulation of carotenoid biosynthesis in banana fruits. 
Such information should provide important insights for future developments 
in the biofortification of banana.  
 
 
REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT v
Table of Contents 
KEYWORDS ............................................................................................................................. II 
ABSTRACT..............................................................................................................................III 
TABLE OF CONTENTS............................................................................................................. V 
LIST OF FIGURES .................................................................................................................... X 
LIST OF TABLES ...................................................................................................................XIII 
LIST OF ABBREVIATIONS ...................................................................................................XIV 
STATEMENT OF ORIGINAL AUTHORSHIP ........................................................................ XIX 
ACKNOWLEDGEMENTS ....................................................................................................... XX 
DEDICATION.......................................................................................................................XXII 
CHAPTER 1: INTRODUCTION........................................................................................1 
1.1 BANANA (MUSA SPP.)....................................................................................................1 
1.1.1 IMPORTANCE OF BANANA AS A CROP ........................................................................1 
1.1.2 GENETIC DIVERSITY OF BANANA ................................................................................3 
1.1.3 NUTRITIONAL COMPOSITION AND HEALTH BENEFITS OF BANANA .........................4 
1.2 DISTRIBUTION AND ROLE OF CAROTENOIDS IN PLANTS AND ANIMALS................5 
1.3 VITAMIN A .....................................................................................................................6 
1.3.1 VITAMIN A DEFICIENCY IN DEVELOPING COUNTRIES ...............................................8 
1.4 CAROTENOID BIOSYNTHESIS IN HIGHER PLANTS......................................................9 
1.4.1 THE MEP PATHWAY....................................................................................................9 
1.4.1.1 Biosynthesis of DXP................................................................................................9 
1.4.1.2 Conversion of DXP to MEP .................................................................................11 
1.4.1.3 Biosynthesis of IPP and DMAPP ........................................................................11 
1.4.1.4 Biosynthesis of GGPP ...........................................................................................13 
1.4.1.5 Biosynthesis of phytoene .....................................................................................14 
1.4.1.6 Biosynthesis of lycopene ......................................................................................15 
1.4.1.7 Cyclisation of lycopene ........................................................................................17 
1.4.1.8 Biosynthesis of xanthophylls...............................................................................18 
1.4.2 THE XANTHOPHYLL CYCLE AND FORMATION OF NEOXANTHIN ............................19 
1.5 REGULATION OF CAROTENOID BIOSYNTHESIS AND ACCUMULATION IN PLANTS ..
 ........................................................................................................................................22 
1.5.1 TRANSCRIPTIONAL REGULATION OF CAROTENOID BIOSYNTHESIS.........................22 
1.5.2 NON-TRANSCRIPTIONAL REGULATION OF CAROTENOID BIOSYNTHESIS ...............25 
1.5.2.1 Plastid biogenesis ..................................................................................................25 
1.5.2.2 Sequestration of carotenoids in plants ...............................................................27 
1.5.2.3 Degradation and catabolism of carotenoids......................................................29 
1.6 BIOFORTIFICATION OF CROPS FOR IMPROVED CAROTENOID CONTENT ..............32 
1.6.1 CHALLENGES IN THE GENETIC MANIPULATION OF THE CAROTENOID 
BIOSYNTHETIC PATHWAY ..........................................................................................36 
1.7 STATEMENT OF THE PROBLEM, AIMS AND OBJECTIVES ..........................................38 
CHAPTER 2: GENERAL METHODS .............................................................................41 
2.1 GENERAL MATERIALS..................................................................................................41 
2.1.1 BACTERIAL STRAINS...................................................................................................41 
vi REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT 
2.1.2 PLANT MATERIAL ...................................................................................................... 41 
2.1.2.1 Plant materials for gene isolations ..................................................................... 42 
2.1.2.2 Plant materials for carotenoid accumulation and transcriptional regulation 
studies ...................................................................................................................... 42 
2.1.2.3 Plant materials for microscopy analysis............................................................ 43 
2.2 ISOLATION AND ANALYSIS OF NUCLEIC ACIDS ....................................................... 43 
2.2.1 ISOLATION OF RNA FROM BANANA TISSUES .......................................................... 43 
2.2.1.1 DNase I treatment of RNA.................................................................................. 44 
2.2.1.2 Purification of messenger RNA from total RNA ............................................. 45 
2.2.2 FIRST-STRAND COMPLEMENTARY DNA SYNTHESIS ............................................... 45 
2.2.3 PREPARATION OF CDNA FOR GENE EXPRESSION ANALYSIS .................................. 45 
2.2.3.1 Poly A tailing of cDNA........................................................................................ 46 
2.2.4 ISOLATION OF GENOMIC DNA................................................................................. 46 
2.2.5 PURITY, QUALITY AND QUANTITATIVE ASSESSMENT OF NUCLEIC ACIDS.............. 47 
2.2.6 AGAROSE GEL ELECTROPHORESIS ............................................................................ 47 
2.2.6.1 Extraction and purification of DNA from agarose gels .................................. 48 
2.2.7 ISOLATION AND PURIFICATION OF PLASMID DNA................................................. 48 
2.2.8 RESTRICTION DIGESTION REACTIONS....................................................................... 49 
2.2.9 DNA SEQUENCING ................................................................................................... 49 
2.2.9.1 Purification of DNA sequences .......................................................................... 49 
2.2.10 DNA SEQUENCE ANALYSIS .................................................................................... 50 
2.2.10.1 Gene structure annotation................................................................................. 50 
2.2.10.2 Phylogenetic and evolutionary analysis ......................................................... 50 
2.3 AMPLIFICATION AND QUANTIFICATION OF NUCLEIC ACIDS................................. 51 
2.3.1 PRIMER DESIGN.......................................................................................................... 51 
2.3.2 POLYMERASE CHAIN REACTION (PCR) AND REVERSE-TRANSCRIPTION PCR (RT-
PCR)........................................................................................................................... 52 
2.3.3 RAPID AMPLIFICATION OF CDNA ENDS (RACE) ................................................... 53 
2.3.3.1 3´ RACE PCR......................................................................................................... 53 
2.3.3.2 5´ RACE PCR......................................................................................................... 54 
2.3.4 GENOME WALKING ................................................................................................... 54 
2.3.5 RNA SEQUENCING.................................................................................................... 55 
2.3.6 REAL-TIME QUANTITATIVE PCR ANALYSIS............................................................. 56 
2.3.6.1 Selection and validation of reference genes for RT-qPCR analysis............... 56 
2.3.6.2 Real-time calibrator preparation and application............................................ 57 
2.3.6.3 Gene specific RT-qPCR reactions ....................................................................... 57 
2.3.6.4 Quantification of carotenoid gene expression in bananas.............................. 58 
2.4 GENE CLONING AND TRANSFORMATION ................................................................ 58 
2.4.1 LIGATION REACTIONS ............................................................................................... 58 
2.4.2 PREPARATION OF HEAT-SHOCK COMPETENT E. COLI CELLS .................................. 59 
2.4.3 PREPARATION ELECTRO-COMPETENT A. TUMEFACIENS ......................................... 59 
2.4.4 TRANSFORMATION OF COMPETENT CELLS .............................................................. 60 
2.4.4.1 Transformation of E. coli ..................................................................................... 60 
2.4.4.2 Transformation of A. tumefaciens ..................................................................... 60 
2.4.5 GROWTH OF BACTERIA IN LIQUID CULTURES .......................................................... 61 
2.4.5.1 Liquid cultures for E. coli .................................................................................... 61 
2.4.5.2 Liquid cultures for A. tumefaciens .................................................................... 61 
2.4.6 MAINTENANCE OF BACTERIAL CULTURES............................................................... 61 
2.4.7 A. TUMEFACIENS INFILTRATION OF BANANA FRUITS.............................................. 61 
2.4.8 HISTOCHEMICAL GUS ASSAY .................................................................................. 62 
2.5 ANALYSIS OF CAROTENOIDS FROM BANANA FRUITS ............................................. 62 
2.5.1 EXTRACTION OF CAROTENOIDS................................................................................ 62 
REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT vii
2.5.1.1 The acetone-based protocol .................................................................................63 
2.5.1.2 The chloroform-based protocol...........................................................................63 
2.5.2 ANALYSIS OF CAROTENOIDS BY HPLC-PDA ..........................................................64 
2.5.3 IDENTIFICATION OF CAROTENOIDS AND PREPARATION OF A Β-CAROTENE 
CALIBRATION CURVE .................................................................................................65 
2.5.4 QUANTIFICATION OF CAROTENOIDS IN BANANA EXTRACTS..................................68 
2.5.5 DETERMINATION OF DRY MATTER CONTENT...........................................................69 
2.5.6 SAMPLE PROCESSING FOR LIGHT MICROSCOPY........................................................69 
2.6 DATA ANALYSIS...........................................................................................................70 
CHAPTER 3: ISOLATION OF CAROTENOID BIOSYNTHETIC GENES ............71 
3.1 INTRODUCTION ...........................................................................................................71 
3.2 RESULTS ........................................................................................................................75 
3.2.1 ISOLATION OF 1-DEOXY-D-XYLULOSE-5-PHOSPHATE SYNTHASE (DXS) ...............75 
3.2.1.1 Annotation of ‘Asupina’ DXS paralogues .........................................................79 
3.2.1.2 Phylogenetic analysis of DXS proteins ..............................................................80 
3.2.1.3 Test of DXS evolutionary rate .............................................................................83 
3.2.2 ISOLATION OF GERANYL GERANYL DIPHOSPHATE SYNTHASE (GGPS) ..................85 
3.2.2.1 Annotation of GGPS genes ..................................................................................85 
3.2.2.2 Phylogenetic analysis of GGPS from crop plants.............................................87 
3.2.2.3 Test of GGPS evolutionary rate...........................................................................89 
3.2.3 ISOLATION OF LYCOPENE BETA-CYCLASE (LCYB) ...................................................91 
3.2.3.1 Annotation of LCYB genes ..................................................................................91 
3.2.3.2 Phylogenetic analysis of LCYB proteins from crop plants..............................93 
3.2.3.3 Test of evolutionary rate ......................................................................................95 
3.3 DISCUSSION .................................................................................................................97 
3.3.1 1-DEOXY-D-XYLULOSE-5-PHOSPHATE SYNTHASE GENE ISOLATION ......................97 
3.3.2 GERANYL GERANYL DIPHOSPHATE SYNTHASE GENE ISOLATION...........................99 
3.3.3 LYCOPENE BETA-CYCLASE GENE ISOLATION .........................................................101 
3.3.4 CONCLUSION............................................................................................................103 
CHAPTER 4: TRANSCRIPTIONAL REGULATION OF CAROTENOID 
ACCUMULATION DURING BANANA FRUIT DEVELOPMENT ......................104 
4.1 INTRODUCTION .........................................................................................................104 
4.2 RESULTS ......................................................................................................................107 
4.2.1 COMPARISON OF METHANOL AND ACETONE-BASED CAROTENOID EXTRACTION 
PROTOCOLS...............................................................................................................107 
4.2.2 FRUIT PHENOTYPES AND SELECTION OF DEVELOPMENT STAGES FOR CAROTENOID 
ANALYSIS ..................................................................................................................108 
4.2.3 COMPARATIVE CAROTENOID ACCUMULATION PROFILES IN ‘ASUPINA’ AND 
‘CAVENDISH’ ............................................................................................................110 
4.2.4 VALIDATION OF REFERENCE GENES........................................................................115 
4.2.5 QUANTIFICATION OF GENE EXPRESSION ................................................................118 
4.3 DISCUSSION ...............................................................................................................124 
4.3.1 OPTIMISATION OF CAROTENOID EXTRACTION PROTOCOLS..................................124 
4.3.2 COMPARATIVE ANALYSIS OF BANANA CAROTENOIDS..........................................124 
4.3.3 VARIATION IN CAROTENOID ACCUMULATION......................................................126 
4.3.4 GENE EXPRESSION ANALYSIS...................................................................................129 
4.3.4.1 Validation of reference genes ............................................................................129 
viii REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT 
4.3.4.2 Expression of DXS10 .......................................................................................... 130 
4.3.4.3 Expression of GGPS............................................................................................ 131 
4.3.4.4 Expression of PSY ............................................................................................... 132 
4.3.4.5 Expression of LCYB............................................................................................ 134 
4.3.5 LIMITATIONS OF THE STUDY ................................................................................... 135 
4.3.6 CONCLUSION ........................................................................................................... 136 
CHAPTER 5: DEGRADATION AND SEQUESTRATION OF CAROTENOIDS IN 
BANANA FRUIT .............................................................................................................. 138 
5.1 INTRODUCTION......................................................................................................... 138 
5.2 RESULTS ..................................................................................................................... 142 
5.2.1 ISOLATION OF CCD4 GENES FROM BANANA FRUITS............................................. 142 
5.2.1.1 Gene structure annotation................................................................................. 143 
5.2.1.2 Phylogenetic analysis of isolated banana CCD4s .......................................... 144 
5.2.1.3 Test of evolutionary rate of banana CCD4s.................................................... 146 
5.2.2 CCD4 GENE EXPRESSION IN BANANA FRUITS ........................................................ 148 
5.2.3 FUNCTIONAL CHARACTERISATION OF CCD4 IN ‘CAVENDISH’ BANANAS ......... 150 
5.2.4 CAROTENOID SEQUESTRATION IN BANANA FRUITS.............................................. 155 
5.2.4.1 Light microscopy examination of ‘Asupina’ and ‘Cavendish’ fruits .......... 155 
5.2.4.2 Light microscopic examination of transgenic ‘Cavendish’ bananas........... 158 
5.2.4.3 Determination of dry matter content............................................................... 159 
5.3 DISCUSSION............................................................................................................... 160 
5.3.1 ISOLATION AND EXPRESSION OF CCD4 IN BANANA FRUIT .................................. 160 
5.3.2 CCD4 SILENCING IN ‘CAVENDISH’ BANANA FRUITS ............................................ 162 
5.3.3 CAROTENOID DEPOSITION AND SEQUESTRATION IN BANANA ............................ 165 
5.3.4 CONCLUSION ........................................................................................................... 169 
CHAPTER 6: GENERAL DISCUSSION AND CONCLUSION ............................. 171 
6.1. ISOLATION OF CAROTENOID PATHWAY-RELATED GENES................................... 171 
6.2. TRANSCRIPTIONAL REGULATION OF CAROTENOID ACCUMULATION DURING 
BANANA FRUIT DEVELOPMENT............................................................................... 174 
6.3. NON-TRANSCRIPTIONAL REGULATION OF CAROTENOID BIOSYNTHESIS......... 176 
6.4. FURTHER POTENTIAL REGULATORY MECHANISMS.............................................. 179 
6.5. FUTURE PERSPECTIVES............................................................................................. 182 
6.6. CONCLUSION ............................................................................................................ 184 
APPENDICES.................................................................................................................... 185 
APPENDIX I. SUPPLIERS OF SPECIALISED REAGENTS, CHEMICALS AND ANALYTICAL 
SOFTWARE ................................................................................................... 185 
APPENDIX II. BUFFERS, SOLUTIONS AND MEDIA........................................................... 186 
APPENDIX III. PRIMERS USED IN THE STUDY .................................................................. 188 
APPENDIX IV. CONTRIBUTION OF INDIVIDUAL CAROTENOIDS TO TOTAL CAROTENOIDS 
IN ‘CAVENDISH’ DURING FRUIT DEVELOPMENT ..................................... 191 
APPENDIX V. SEQUENCE COMPARISON OF ‘ASUPINA’ AND ‘CAVENDISH’ CYP 
REFERENCE GENE TARGET......................................................................... 191 
APPENDIX VI. MESSENGER RNA SEQUENCES USED TO DESIGN GENE-SPECIFIC PRIMERS
 .................................................................................................................. 192 
REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT ix
APPENDIX VII. CONSENSUS SEQUENCES OF ISOLATED CAROTENOID GENES ...............192 
APPENDIX VIII. SOURCES OF PROTEIN SEQUENCES USED IN PHYLOGENETIC ANALYSIS ...
 ................................................................................................................196 
APPENDIX IX. CCD4 CDNA SEQUENCES ISOLATED FROM ‘ASUPINA’ AND ‘CAVENDISH’ 
FRUITS .........................................................................................................197 
APPENDIX X. T-DNA VECTOR MAP USED IN CCD4 SILENCING....................................199 
APPENDIX XI. CORRELATION OF CCD4 EXPRESSION WITH LUTEIN, Α-CAROTENE AND 
CIS-Β-CAROTENE ........................................................................................199 
APPENDIX XII. SUMMARY OF P-VALUES FOR THE DIFFERENCES BETWEEN DMC OF 
‘ASUPINA’ AND ‘CAVENDISH’ FRUITS......................................................199 
APPENDIX XIII. PERMISSION FOR FIGURE 1-1 .................................................................200 
APPENDIX XIV. PERMISSION FOR FIGURES 1-2 TO 1-10 .................................................206 
APPENDIX XV. PERMISSION FOR FIGURE 1-11 ................................................................209 
APPENDIX XVI. PERMISSION FOR FIGURE 1-12...............................................................210 
REFERENCES ....................................................................................................................216 
x REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT 
List of Figures 
Figure 1-1 Structures of some major dietary carotenoids ................................... 5 
Figure 1-2 Biosynthesis of DXP from G3P and pyruvate in a 
condensation reaction catalysed by DXS. .............................................. 10 
Figure 1-3 The mechanism of reaction leading to the formation of MEP 
catalysed by DXR. ..................................................................................... 11 
Figure 1-4 The reactions leading to the biosynthesis of IPP and DMAPP 
from MEP. .................................................................................................. 12 
Figure 1-5 Formation of GGPP form IPP and DMAPP ..................................... 13 
Figure 1-6 Enzymatic reaction model of PSY leading to the biosynthesis 
of phytoene from DMAPP. ...................................................................... 14 
Figure 1-7 Poly-cis-phytoene synthesis pathway leading to the 
production of lycopene in plants. ........................................................... 16 
Figure 1-8 Cyclisation of lycopene by LCYB and LCYE to β-carotene 
and ɑ-carotene respectively. .................................................................... 17 
Figure 1-9 Hydroxylation reactions leading to the biosynthesis of 
xanthophylls............................................................................................... 19 
Figure 1-10 The xanthophyll cycle in the β-carotene branch of the 
carotenoid biosynthetic pathway in plants. .......................................... 21 
Figure 1-11 Plastid types and inter-conversions in plants ................................ 26 
Figure 1-12 Carotenoid cleavage reactions catalysed by the enzymes 
CCD1, β-carotene oxygenase I (BCO1) and NinaB............................... 30 
Figure 2-1 An example of a β-carotene standard curve..................................... 68 
Figure 3-1 A representative genome walking amplification from seven 
restriction libraries .................................................................................... 76 
Figure 3-2 Schematic diagrams showing coding sequences and 
untranslated regions in ‘Asupina’ DXS paralogues............................. 80 
Figure 3-3 Phylogenetic relationships of DXS from plants based on 
predicted amino acid sequences ............................................................. 82 
Figure 3-4 Alignment of DXS sequences from different organisms ................ 84 
Figure 3-5 Schematic diagrams showing coding sequences and 
untranslated regions in ‘Asupina’ and ‘Cavendish’ GGPS genes...... 86 
Figure 3-6 Phylogenetic relationships of GGPS from plants based on 
predicted amino acid sequences ............................................................. 88 
Figure 3-7 Alignment of ‘Asupina’ GGPS with other plant GGPS 
proteins ....................................................................................................... 90 
REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT xi
Figure 3-8 Schematic diagrams showing coding sequences and 
untranslated regions in LCYB ................................................................. 92 
Figure 3-9 Phylogenetic relationships of LCYB from different species 
based on predicted amino acid sequences ............................................ 94 
Figure 3-10 Alignment of ‘Asupina’ LCYB with other plant LCYB 
proteins ....................................................................................................... 96 
Figure 4-1 Optimization of starting material and selection of a solvent 
extraction method for carotenoid extractions ..................................... 108 
Figure 4-2 Phenotypic changes during ‘Asupina’ and ‘Cavendish’ fruit 
development and ripening .................................................................... 109 
Figure 4-3 Profile of carotenoid accumulation through ‘Asupina’ fruit 
cycle........................................................................................................... 110 
Figure 4-4 Accumulation of carotenoids in ‘Asupina’ and ‘Cavendish’ 
fruits .......................................................................................................... 112 
Figure 4-5 Assessment of candidate reference genes using PCR................... 116 
Figure 4-6 Product melt curves of selected reference gene candidates......... 117 
Figure 4-7 Ranking of expression stability of banana candidate 
reference genes ........................................................................................ 118 
Figure 4-8 Comparison of carotenoid accumulation with the expression 
levels of five carotenoid pathway-related genes at different 
stages of fruit development in ‘Asupina’ and ‘Cavendish’ .............. 120 
Figure 4-9 Solar exposure data during the sampling periods for 
‘Asupina’ samples in 2012 ..................................................................... 126 
Figure 5-1 Annotation of CCD4 gene isolated from banana fruits ................ 144 
Figure 5-2 Phylogenetic relationships of CCD4 from different species 
based on amino acid substitutions ....................................................... 145 
Figure 5-3 Sequence comparison of CCD4s from various plant species....... 147 
Figure 5-4 A comparison of CCD4 relative expression levels with 
carotenoid accumulation in ‘Asupina’ and ‘Cavendish’ at 
different stages of fruit development................................................... 149 
Figure 5-5 Test of the extent of banana fruit infiltration using Injex-30TM 
needle-free injection system .................................................................. 152 
Figure 5-6 Internal phenotypes of Agrobacterium infiltrated ‘Cavendish’ 
fruits .......................................................................................................... 153 
Figure 5-7 Carotenoid content of Agrobacterium infiltrated ‘Cavendish’ 
at different stages of fruit development. ............................................. 154 
Figure 5-8 Carotenoid content of Agrobacterium infiltrated ‘Cavendish’ 
at S5 stage of fruit development. .......................................................... 155 
Figure 5-9 Light microscopy comparison of ‘Asupina’ and ‘Cavendish’ 
fruits .......................................................................................................... 156 
xii REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT 
Figure 5-10 Representative unstained light microscopy comparison of 
‘Asupina’ and ‘Cavendish’ fruits .......................................................... 157 
Figure 5-11 Carotenoid containing structures in transgenic ‘Cavendish’ 
banana....................................................................................................... 158 
Figure 5-12 Changes in dry matter content between the FG and FR 
stages of ‘Asupina’ and ‘Cavendish’ fruits.......................................... 159 
 
REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT xiii
List of Tables 
Table 1-1 Examples of selected crops genetically engineered for 
enhanced carotenoid content................................................................... 34 
Table 2-1 An example of the spectrophotometer results from three 
replicates of a β-carotene stock solution ................................................ 66 
Table 2-2 The molar extinction coefficient (ε) and molecular mass (M) 
values of selected carotenoids in chloroform........................................ 66 
Table 2-3 β-carotene standard curve calibration points.................................... 67 
Table 3-1 Summary of ‘Asupina’ fruit transcriptome mapping onto the 
banana genome reference sequence ....................................................... 78 
Table 4-1 Accumulation of carotenoids species in ‘Asupina’ and 
‘Cavendish’ during different stages of fruit development ............... 111 
Table 4-2 Percentage composition of different carotenoids observed in 
‘Asupina’ and ‘Cavendish’ at different stages of fruit 
development. ........................................................................................... 113 
Table 4-3 contribution of individual carotenoids to total carotenoids in 
three biological replicates of ‘Asupina’ during fruit 
development ............................................................................................ 114 
Table 4-4 Correlation of selected gene expression patterns with patterns 
of total carotenoid accumulation in ‘Asupina’ and ‘Cavendish’ ..... 121 
Table 4-5 Correlation of selected gene expression patterns with patterns 
in accumulation of individual carotenoids species............................ 123 
Table 5-1 Correlation analysis of CCD4 expression with total carotenoid 
and trans-β-carotene accumulation in ‘Asupina’ and 
‘Cavendish’ banana fruits at different developmental stages .......... 150 
 
xiv REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT 
List of Abbreviations 
°C  degrees Celsius  
1Chl singlet Chl 
ABA abscisic acid 
ACT actin  
AP appendix primer 
BLAST  basic local alignment search tool  
BMGF Bill and Melinda Gates Foundation 
bp  base pair (s)  
C Carbon 
CAC clathrin adaptor complexes 
CaMV-35S  cauliflower mosaic virus 35S promoter 
CCD (s) carotenoid cleavage dioxygenase (s) 
cDNA  complementary deoxyribonucleic acid  
CDP-ME  4-(cytidine 50-diphospho)-2-C-methyl-d-erythritol 
CDP-ME-2P 4-(cytidine 5′-diphospho)-2-C-methyl-D-erythritol-2-phosphate  
CDS coding sequences 
Chl Chlorophyll 
CHRC chromoplast-specific carotenoid-associated protein 
Cm Centimetre 
CMK CDP-ME kinase 
CO2 carbon dioxide  
CPD-ME 4-diphosphocytidyl-2-C-methyl- D-erythritol 
CRTB bacterial phytoene synthase 
CRTI  bacterial phytoene desaturase 
CRTISO carotene isomerase 
Ct  cycle threshold 
CTAB  centyltriethylammonium bromide  
CTP cytidine 5′-triphosphate 
CYP Cyclophilin 
CYP97A  cytochrome P450 β-ring hydroxylase 
CYP97C  cytochrome P450 ε-ring hydroxylase 
DDB1  damaged DNA binding protein 1 
DEEDI Department of Employment, Economic Development and Innovation 
DEPC  diethylpyrocarbonate  
DET1 de-etiolated 1 
REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT xv
dH2O  deionised water  
DMAPP dimethylallyl pyrophosphate  
DMAPP dimethylallyl diphosphate 
DMSO dimethyl sulfoxide 
DNA  deoxyribonucleic acid  
DNAJ DnaJ-like protein  
DTT  dithiothreitol  
DW  dry weight 
DXP 1-deoxy-D-xylulose-5-phosphate 
DXP 1-deoxy-d-xylulose 5-phosphate 
DXR 1-deoxy-D-xylulose-5-phosphate reductoisomerase 
DXS DXP synthase 
EAHB  East African Highland Banana  
EDTA  ethylenediaminetetraacetic acid  
EDTA  ethylenediamine tetraacetic acid 
ER endosplasmic reticulum 
ExPASy Expert Protein Analysis System  
FG full green 
FldA flavodoxin reductase 
FR full ripe 
g  gram (s)  
G3P glyceraldehyde-3-phosphate 
GA Gibberellin 
GC grand challenges 
gDNA  genomic DNA  
GGPP geranyl-geranyl diphosphate 
GGPS GGPP synthase 
GH global health 
GM genetically modified 
GOI (s) gene (s) of interest 
GUS  β-glucuronidase  
GW genome walking 
HDR HMBPP reductase 
HDS HMBPP synthase 
HMBPP 1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate 
Hp high pigment mutant 
HPLC  high performance liquid chromatography 
hr (s) Hour (s)  
xvi REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT 
HYD carotene hydroxylase 
IPP isopentenyl pyrophosphate 
IPTG  isopropyl-β-d-thiogalactopyranoside  
JTT Jones-Taylor-Thornton 
Kb  kilobase (s)  
kDa  kilodalton (s)  
LB  luria broth 
LCYB  lycopene β-cyclase 
LCYE  lycopene ε-cyclase 
LHCs light harvesting complexes 
LM light microscopy 
LN2  liquid nitrogen  
LUT1 lutein 1 
MCT 2-C-methyl-D-erythritol-4-phosphate cytidyl transferase 
MDS MECDP synthase 
MECDP 2-C-methyl-D-erythritol-2,4-cyclodiphosphate  
MEP 2-C-methyl-D-erythritol 4-phosphate 
mg  milligram (s)  
min  minute (s)  
mL  millilitre (s)  
ML maximum likelihood 
mM  millimolar  
M-MLV  Moloney murine leukaemia virus  
mmol  millimole (s)  
mRNA  messenger RNA  
MUSCLE Multiple Sequence Comparison by Log-Estimation 
NADPH reduced nicotinamide adenine dinucleotide phosphate 
NARO National Agricultural Research Organisation 
NCBI  National centre for biotechnology information  
NCED (s) 9-cis-epoxycarotenoid dioxygenase (s) 
ng  nanogram (s)  
NIH National Institute of Health 
NJ neighbour joining 
nm  nanometre (s)  
No (s).  number (s)  
NPQ Non-photochemical quenching 
NSY neoxanthin synthase 
OD  optical density 
REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT xvii
OD600  optical density at 600 nm  
OH Hydroxyl 
Or orange mutant 
ORF open reading frame 
pers. comm. personal communication 
PCR  polymerase chain reaction 
PDA  photo diode array 
pDNA  plasmid DNA  
PG (s) Plastoglobule (s) 
pH concentration of hydrogen ions 
PIF  phytochrome-interacting factor 
pmol  picomole (s)  
PSY phytoene synthase 
PVA  pro-vitamin A  
PVAC  pro-vitamin A carotenoids 
QUT Queensland University of Technology 
RACE  rapid amplification of cDNA ends  
RAN GTP-binding nuclear protein 
RE restriction endonucleases 
RIN Ripening Inhibitor transcription factor 
RNA  ribonucleic acid 
RNAi RNA interference 
RPS ribosomal protein S 
RT  reverse transcriptase  
RT q-PCR  reverse transcription quantitative PCR 
RT-PCR  reverse transcriptase polymerase chain reaction  
RuBisCO  ribulose 1,5-bisphosphate carboxylase/oxygenase 
SDS  sodium dodecyl sulphate  
sec  seconds  
SEM standard error of the mean 
SNP (s) nucleotide polymorphism (s) 
TAE  tris-acetate EDTA  
Taq  Thermus aquaticus  
TBME tert-methyl butyl ether 
TE  tris-EDTA  
TEM transmission electron microscopy 
TPP thiamine diphosphate  
U  units of activity  
xviii REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT 
UBOS Uganda Bureau of Statistics 
UBQ ubiquitin  
UTR  untranslated region  
UV  ultraviolet  
V  volts  
v/v  volume per volume  
VA  vitamin A  
VAD  vitamin A deficiency  
VDE violaxanthin de-epoxidase 
ver  version  
W  watts  
w/v  weight per volume  
WHO World Health Organisation 
WT wild-type 
x g  gravity  
X-gal  5-bromo-4-chloro-indolyl-β-D-galactopyranoside  
X-gluc  5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid  
ZEP zeaxanthin epoxidase 
Z-ISO 15-cis-ζ-carotene-isomerase 
µg  microgram(s)  
µl  microlitre(s)  
µM  Micromolar 
QUT Verified Signature
xx REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT 
Acknowledgements 
A lot of people assisted me during my studies and I am at the risk of not 
listing all of them, for which I sincerely apologise. My gratitude goes to: 
Distinguished Professor James Dale; for giving me the opportunity to 
undertake my PhD studies at QUT as part of his illustrious team and for 
providing scientific guidance and oversight throughout the study period. 
Many thanks also for facilitating me to see my family on three occasions 
during the study period. 
Dr Cara Mortimer, my principal supervisor, for ceaselessly encouraging 
me to rise to the occasion by tirelessly providing mentorship, guidance and 
crucial advice during the preparation of this thesis. 
QUT, for offering me an International Fees Waiver Scholarship 
Bill and Melinda Gates Foundation for providing research funding and 
living allowance that supported me and my family. 
Team members of the Banana21 project: Drs Bulukani Mlalazi and Jean-
Yves Paul provided training and continuous advice on gene isolations and 
HPLC-PDA respectively, South Johnstone Research Station staff; Narender 
Pathania and Jeff Daniells managed and collected all samples used in the 
study. 
Senior research fellows CTCB: Dr Benjamin Dugdale, your ‘Faculty of 
Science’ was of great technical inspiration during the rocky moments; Prof 
Roger Hellens, for introducing to us the needle-free injection system for agro-
infiltration and providing advice on part of this thesis; Prof Sagadevan 
Mundree, for nominating me to the Tropical Research Network, which 
provided exceptional professional guidance and mentorship during the 
annual conferences. I also recognise in a special way and thank my former 
principal supervisor Dr Harjeet Khanna for her support and guidance before 
leaving QUT in 2013. 
REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT xxi
Fellow HDR students: Benard Mware (RNAi), Patrick Bewg (RT-qPCR), 
Jimmy Tindamanyire (Expression vectors), Karlah Norkunas (GUS) and Isaac 
Njaci (RNAseq), for sharing your valued experiences in the different 
specialised areas. I also salute those who brought forth their own issues for 
discussions with me and, certainly all pals who made social gatherings fun. 
CTCB laboratory and administrative staff for ensuring efficient running 
of all aspects connected with my research and welfare respectively.  
Central analytical Research Facility staff: Rachel Hancock and Jamie 
Riches for their skilled assistance during microscopy work. 
My Australian friends: Fr Pater Brannelly, Fr Stanley Orji, Fr John Adili, 
Allan and Jenny Hogan, Ray and Christine Orr, Hope and Cleophus, Alan 
and Marjorie Martin, and Peter Opio, thank you for your hospitality, 
kindness and encouragement. 
My family, particularly my wife Harriet and children: Jerry (11) and 
Janice (3) for their incredible patience and understanding during my 
prolonged absence. I also thank Mama for her endorsement and 
encouragement despite the difficulty faced during my absence. I shall always 
remain highly indebted to my brother, Samuel, for looking after my family 
and the extended family with absolute dedication and fortitude. Duc in 
Altum! 
 
 
 
 
 
 
 
 
xxii REGULATION OF CAROTENOID BIOSYNTHESIS IN BANANA FRUIT 
Dedication 
To the memory of my father, the late Celestine Ogweng (1945 – 2007) 
 
 
 Chapter 1: Introduction 1 
Chapter 1: Introduction 
1.1 BANANA (Musa spp.) 
Banana is a large herbaceous perennial plant that belongs to the Musaceae 
family and to the order Zingiberales. There are three recognised genera in the 
family Musaceae, namely: Ensete, Musella and Musa.  The genus Musa, is 
divided into four sections according to morphological traits and chromosome 
numbers (Cheesman, 1947), and this division is also supported by multiple 
nuclear and chloroplast DNA sequences (Li et al., 2010). Sections 
Australimusa and Callimusa contain 20 chromosomes whereas Eumusa and 
Rhodochlamys have 22. The species in the sections Callimusa and Rhodochlamys 
are only of ornamental interest and do not produce edible fruits. The section 
Australimusa contains Musa textilis (Abaca) important for its natural fibre, 
and it is from this section that the edible M. fehi (Fe’i bananas), found mostly 
in Papua New Guinea, evolved (Jarret et al., 1992). Section Eumusa comprise 
most of the edible banana and plantain species and they are diploid or 
triploid hybrids from M. acuminata (A-genome) alone, or from hybridisation 
with M. balbisiana (B-genome) (Simmonds and Shepherd, 1955).  
 
1.1.1 Importance of banana as a crop 
Banana (Musa spp.) is an important staple food crop providing dietary 
energy for more than 400 million people mostly in the humid tropics and 
subtropical regions (Robinson and Sauco, 2010). It is ranked fourth after rice, 
wheat and maize in terms of importance as a food crop (Perrier et al., 2011). 
The annual production of bananas and plantains is over 130 million tonnes 
(FAOSTAT, 2012), about 85% of which are consumed and sold within the  
regions where they are cultivated (Robinson and Sauco, 2010). The major 
banana exporting countries, ranked in order of importance, are Ecuador, the 
Philippines, Costa Rica, Brazil, Colombia, and Guatemala (Robinson and 
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Sauco, 2010). Export is usually constrained by quality, economic and 
logistical factors. Interestingly, the highest banana producing countries 
(India followed by Uganda) are not highly ranked as exporters because most 
of their produce is for domestic consumption.  
In the humid tropics, a wide range of plantains and cooking bananas 
are grown for local cash cropping and for subsistence. Cultivars grown are 
mostly triploids of M. acuminata and M. Balbisiana, such as AAB (genome) 
plantains and ABB cooking bananas. Four African countries, namely:  
Uganda, Ghana, Nigeria and Rwanda, together account for 51% of global 
plantain production. Only 1.62% of plantains are exported, which 
emphasises their role as a staple food (Robinson and Sauco, 2010). Bananas 
and plantains grow in a range of environments and produce fruit year-
round, making them   important food security crops as well as providing a 
regular source of income. They are ideally suited to intercropping systems 
where they provide the required shade for crops like coffee and cocoa, and in 
mixed farming with livestock, and are also popular as a backyard crop 
within urban populations (Frison and Sharrock, 1998). 
Banana can be consumed in a variety of ways in different traditions and 
cultures. Dessert bananas are popular in modern westernised diets mainly 
because of their flavour, texture and convenience value, being easy to peel 
and eat (Robinson and Sauco, 2010). Ripe bananas can also be eaten as a 
salad mixed with other fruits or mixed with cereals or yoghurt during 
breakfast. In African countries like Uganda, unripe cooking bananas, are first 
peeled, then steamed while wrapped in their own leaves, and finally mashed 
to a starchy paste called ‘matooke’ which constitutes the main staple food 
(Frison and Sharrock, 1998). In the Caribbean and Latin America, plantains 
and cooking bananas are also part of a daily diet called 'tostones’, which are 
double-fried green plantain mainly used as a side dish. Other banana 
cultivars are suited for beer making, chips, ketchup and street foods.  
In Africa, bananas and plantains provide more than 25% of food energy 
requirements for around 70 million people. In the East African Highlands, 
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bananas provide the staple food for around 20 million people with a per 
capita consumption of bananas estimated between 250 – 400 kg, the largest in 
the world (7 – 15 kg in the EU). Daily ‘matooke’ consumption exceeds 1.6 kg 
per person, in some regions of Uganda (IITA, 2008, Frison and Sharrock, 
1998). 
 
1.1.2 Genetic diversity of banana 
Modern bananas and plantains originated in Southeast Asia and western 
Pacific regions where their inedible, seed-bearing diploid ancestors can still 
be found in natural forests. Over several years, natural hybridisations and 
somatic mutations have resulted in approximately 1200 species within the 
Musaceae family of which 30 are cultivated around the globe. Recombination 
within and between the two main ancestral genomes i.e., M. acuminata Colla 
(A-genome) and M. balbisiana Colla (B-genome) are responsible for today’s 
major genotypes including diploids (AA, BB and AB), triploids (AAA, AAB, 
ABB), and tetraploids (AAAA, AAAB, AABB and ABBB) (Simmonds and 
Shepherd, 1955). Morphologically, triploids and tetraploids are larger and 
more robust than diploids, and triploids account for  more than half of the 
existing cultivars (Robinson and Sauco, 2010). Most desert banana cultivars 
belong to the AA or AAA genotype, whereas the cooking banana and 
plantains are mostly AAB, ABB or BBB (Aurore et al., 2009, Ravi et al., 2013). 
‘Cavendish’ is the most common commercial cultivar of dessert banana 
which dominates international trade and is estimated to account for up to 
40% of total world banana production.  
Other ancestral genotypes include M. Schizocarpa (S-genome) and M. 
Textilis (T-genome) which each hybridised with an A-genome giving rise to 
the edible cultivars ‘Tonta Kepa’ (AS), ‘Ugota’ (AS) and ‘Asupina’ (ATT), 
respectively (Hribová et al., 2011). The S and T genotypes are predominantly 
confined to the Pacific region (Perrier et al., 2011).  
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The number of chromosomes in diploid banana cultivars range from 18 
to 22 (2n=2x=18 to 22). This difference in chromosome numbers coupled with 
polyploidism and parthenocapy (sterile seeds) makes commercial breeding 
of banana one of the most complicated of crops. Therefore most of the 
banana cultivars are clones, vegetatively propagated from a single core clone 
(Ravi et al., 2013). Genetic engineering offers great potential to mitigate the 
difficulties posed by sterility barriers and long seed-to seed cycles. By taking 
advantage of the accuracy offered by current molecular tools, genetic 
engineering could be used to increase, the diversity of edible and commercial 
cultivars of banana and produce potential new genotypes (Robinson and 
Sauco, 2010). 
 
1.1.3 Nutritional composition and health benefits of banana 
The nutritional composition of a banana fruit varies with cultivars and 
developmental stage. Generally, the most abundant nutrients of the green 
banana pulp are carbohydrates in the form of starch and sugars. The main 
change during fruit ripening is the conversion of starch to sugars such as 
sucrose, glucose and fructose, effectively reducing the starch content from 
over 20% to less than 2% in the ripe fruit (Egbebi and Bademosi, 2012, 
Khawas et al., 2014, Robinson and Sauco, 2010). Plantains are richer in starch 
than dessert bananas and the conversion of starch to sugars continues in fully 
ripe and senescent plantain fruits (Robinson and Sauco, 2010).  Besides being 
a rich source of energy and fibre, banana is also enriched with high amounts 
of essential minerals potassium, calcium, phosphorus and magnesium 
(Anyasi et al., 2013). These properties make banana an ideal fruit with 
several health benefits such as protection against colon cancer, diarrhoea, 
high blood pressure and diabetes. However, most preferred and commercial 
banana cultivars are extremely low in essential micronutrients such as iron, 
zinc, iodine and particularly vitamin A, which occurs in the plant as pro-
vitamin A carotenoids (PVAC) (Khawas et al., 2014).  
 
 Chapter 1: Introduction 5 
1.2 DISTRIBUTION AND ROLE OF CAROTENOIDS IN PLANTS 
AND ANIMALS 
Carotenoids are organic molecules produced by nearly all photosynthetic 
organisms. They belong to the isoprenoid group of compounds and are 
responsible for the yellow to red colours of most flowers and fruits. Most 
naturally occurring carotenoids have branched C40 hydrocarbon backbones 
consisting of eight C5 isoprene subunits (Figure 1-1). More than 600 
carotenoids have been identified and characterised, all exhibiting structural 
variations. Structural rearrangements occur through cyclisation at one or 
both ends of the molecule, changes in hydrocarbon level, and addition of 
functional groups. The hydrocarbon structure makes carotenoids mostly 
hydrophobic showing only limited interactions with other molecules when 
polar functional groups are present (Britton, 1995). These multi-functional 
molecules are produced mainly in the plastids of plants, especially in the 
chloroplasts found in green tissues and chromoplast in non-green tissues.  
 
Figure 1-1 Structures of some major dietary carotenoids  
Adapted from (Fraser and Bramley, 2004) with permission from Elsevier (Appendix XIII). 
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In addition to providing pigmentation in plants, carotenoids (and their 
catabolised products) also contribute to the flavour and aroma of some 
flowers and fruits, and fulfil a number of other critical functions including: 
light harvesting during photosynthesis, protection from photo-oxidative 
damage during photosynthesis, protection from non-photochemical damage 
(by dissipating excess absorbed light during photosynthesis), and protection 
from fungal agents (Auldridge et al., 2006).  Carotenoids also serve as 
precursors for the biosynthesis of hormones such as abscisic acid (ABA) 
which regulates many biological processes in plants, and strigolactones 
which stimulate branching (Lu and Li, 2008, Fraser and Bramley, 2004, 
Cazzonelli and Pogson, 2010, Rodriguez-Uribe et al., 2012, Michael and 
Dieter, 2011).  
Carotenoids are also responsible for many of the characteristic and 
bright colours of animals such as birds, fish, crustaceans, flies and butterflies. 
However, animals, including humans, are unable to synthesise carotenoids 
and they have to obtain it from their diets. It is widely accepted that 
protection against free radical damage is a major physiological function of 
carotenoids in animals. Some carotenoids such as lycopene, lutein and 
zeaxanthin are powerful antioxidants and have been linked with the 
prevention of the onset of certain cancers and vascular diseases in humans. 
Pro-vitamin A carotenoids (PVACs) (e.g., β-carotene, α-carotene and 
cryptoxanthin) are the main precursors of vitamin A (VA) in the human body 
(Arscott et al., 2010, Kim, 2011).  
 
1.3 VITAMIN A 
Vitamin A (also known as retinol) is an essential micronutrient which can 
only be obtained by humans and other animals through dietary intake or as 
supplements. Consumption of preformed VA-rich animal foods such as eggs 
and liver or PVAC-rich plant sources such as dark-leafy vegetables and 
orange-red-coloured fruits provide a good source of VA. Vitamin A 
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compounds are fat soluble and are involved in growth and differentiation of 
various body cells. These include cells of the respiratory epithelium, 
gastrointestinal tract, retina and immune system (Bates, 1995). Vitamin A 
was previously referred to as an anti-infection vitamin because of its role in 
modulating human immune function (Green and Mellanby, 1928).  
In humans PVACs are enzymatically converted to VA in the intestinal 
mucosa. The activity of VA is measured in terms of Retinol Equivalents (RE), 
where 1 µg of VA (retinol) is equal to 1 RE. Previously, 1 µg of β-carotene 
was taken to represent 1 RE as well. However, due to several factors 
considered to affect the breakdown of PVACs and the uptake of retinol from 
the intestine, such as the protein levels in the diet, food matrix, interaction 
between carotenoids and health status of the individual, an improved 
relationship based on retinol activity equivalent (RAE) was devised (Davey 
et al., 2009, Lokesh et al., 2014, Scott and Rodriquez-Amaya, 2000). In the 
current system, one RAE = 12 µg of β-carotene or 24 µg of other PVACs 
(Trumbo et al., 2001). Most preferred and commercial banana cultivars have 
low levels of PVACs (Khawas et al., 2014). For instance, the commercial 
‘Cavendish’ (AAA) banana cultivar, contains only about 1.16  µg/g FW of β-
carotene (Davey et al., 2009). 
In communities where banana constitutes a whole meal as the staple 
food, notably in developing countries, the PVAC value is insufficient for 
daily dietary needs. For example, a large quantity of peeled banana (~7 kg) 
would need to be consumed for an adult female to attain the RDA of 700 µg 
of VA (Sanahuja et al 2013). Interestingly, some Micronesian Fe’i banana 
genotypes such as ‘Uht en yap’ accumulate high levels of β-carotene, of up to 
27 µg/g FW (Englberger et al., 2003). Such Fe’i cultivars, including ‘Asupina’, 
are however not widely consumed. In many developing countries where 
animal protein is expensive and populations in rural areas depend on mostly 
cereal staple foods and crops such as low PVAC banana, vitamin A 
deficiency (VAD) is a prevalent and widespread public-health concern 
(Akhtar et al., 2013). 
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1.3.1 Vitamin a deficiency in developing countries 
The World Health Organisation (WHO) estimates that over 250 million 
children aged 1- 4 years and more than 10 million expectant mothers in 122 
countries, mostly in Africa and South-East Asia, are at the risk of VAD with 
serum retinol <0.70 µmol/l (WHO, 2009). Consequently, an estimated 
250,000 to 500,000 affected children become permanently blind every year, 
half of them dying within 12 months of losing their sight. Other dire impacts 
include anaemia, weakened resistance to infections leading to increased 
progression of infectious diseases and risk of death. The severity of number 
of infectious diseases are associated with VAD including diarrhoea, measles, 
acute respiratory tract infections, schistosomiasis, malaria, tuberculosis, 
leprosy, rheumatic fever, otitis media and human immunodeficiency virus 
type 1 (HIV-1) (Semba, 1994, Underwood and Arthur, 1996).  
Supplementation with VA capsules has been practiced for several 
decades as a public health intervention to combat VAD, with a specific focus 
mainly on infants and pregnant women (Imdad et al., 2011, WHO, 2011). 
This approach has been successful; for example, a meta-analysis of 
preventative VA supplementation showed significant reductions in 
diarrhoea-specific mortality of up to 30% in children aged 1-5 years (Imdad 
et al., 2011). However, due to its confinement to medical facilities and, in 
some instances schools, groups of people who do not attend these facilities 
have not benefitted from such schemes and continue to rely on dietary intake 
for their VA requirements. Notably, only 70% of target children accessed 
vitamin A supplements in 2012 (UNICEF). 
A second public health intervention approach has been through 
fortified foods, which include industrially processed groceries containing 
definite amounts of various nutrients including VA, such as margarine. 
However, these commercially available food products are rarely accessible, 
or affordable to rural populations in developing countries.  
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A third approach has been the development of biofortified crops. 
Genetic modification of staple crops for increased levels of PVAC, holds 
great promise of delivering sufficient and sustainable levels of VA by 
breaking the economic, cultural and infrastructural boundaries. 
Biofortification of staple food crops has been a major focus in recent years 
with many positive advances in several staple crops. Biofortification is 
further discussed in this respect in Section 1.6.  
 
1.4 CAROTENOID BIOSYNTHESIS IN HIGHER PLANTS 
1.4.1 The MEP pathway 
Carotenoids are synthesised from 5-carbon building blocks, isopentenyl 
pyrophosphate (IPP) and its allylic isomer dimethylallyl pyrophosphate 
(DMAPP) which are derived predominantly from the 2-C-methyl-D-
erythritol 4-phosphate (MEP) pathway. The enzymes required for the MEP 
pathway are encoded in the nucleus and targeted to the plastids as indicated 
by the presence of typical N-terminal transit peptides in all participating 
enzymes (Lohr et al., 2005).  
 
1.4.1.1 Biosynthesis of DXP 
The first gene of the MEP pathway (DXS) encodes for the enzyme 1-deoxy-
D-xylulose-5-phosphate (DXP) synthase (DXS), which catalyses the 
condensation of glyceraldehyde-3-phosphate (G3P) and hydroxyethyl–
thiamine-diphosphate derived from the decarboxylation of pyruvate to 
produce DXP (Figure 1-2). DXS is a thiamine diphosphate (TPP)-dependent 
enzyme which follows a random sequential kinetic mechanism via formation 
of a reactive TPP ylide to attack pyruvate (Brammer et al., 2011). Following 
decarboxylation, the DXS-α-carbanion intermediate binds G3P resulting in 
the elimination of DXP and recycling of the enzyme (Brammer et al., 2011). 
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Figure 1-2 Biosynthesis of DXP from G3P and pyruvate in a condensation 
reaction catalysed by DXS. 
Adapted from (Moise et al., 2013) with permission from American Chemical Society 
(Appendix XIV).  
 
 DXS catalyses a rate-limiting step in the production of isoprenoid 
precursors responsible for a multidude of important plastidial-derived 
terpenoid metabolites (Matthews and Wurtzel, 2000, Estévez et al., 2001). 
Multiple paralogues of DXS have been cloned and characterised (Walter et 
al., 2002, Zhang et al., 2009, Paetzold et al., 2010). Through cloning, 
expression localisation and enzyme functional tests, Zhang et al (2009) 
showed that DXS1 is encoded by a single copy gene (DXS1) in the soybean 
genome and is targeted to the chloroplast. In tomato, DXS1 expression levels 
correlate strongly with massive carotenoid accumulation in fruits whereas 
DXS2 is mainly detected in petals and trichome organs (Paetzold et al., 2010). 
This study also demonstrated, using RNA interference, that lack of DXS 
activity strongly impairs plastid biogenesis. A more recent study confirmed 
the presence of three functional DXS genes in maize with DXS1 highly 
expressed in leaves, DXS2 in roots and a more ubiquitous DXS3 expressed in 
all tissues at low levels (Cordoba et al., 2011). The function of the DXS2 
protein was not verified, but DXS3 is thought to be important for pathways 
derived from MEP such as gibberellin (GA) and ABA biosynthesis which are 
essential, but required at relatively low levels. Multiple DXS paralogues have 
been annotated on the Musa malaccensis genome and their existence are 
attributed to the effect of genome duplications that occurred during 
evolution (D/'Hont et al., 2012) 
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1.4.1.2 Conversion of DXP to MEP 
The conversion of DXP to MEP is the first committed step of the MEP 
pathway toward isoprenoid biosynthesis and is catalysed by 1-deoxy-D-
xylulose-5-phosphate reductoisomerase (DXR) (Takahashi et al., 1998). 
Intramolecular rearrangement of DXP followed by a reduction catalysed by 
DXR in the presence of NADPH and a divalent ion results in the production 
of MEP (Figure 1-3). Deprotonation of the C4 hydroxyl group is followed by 
a rate-limiting step involving cleavage of the 3-4 bond of DXP to 
hydroxyacetone and glycoaldehyde phosphate. This is followed by aldol 
condensation to produce 2-C-methyl-D-erythritose-4-phosphate, and 
eventually DXR catalyses the reduction of 2-C-methyl-D-erythritose-4-
phosphate using NADPH to form MEP.  
 
Figure 1-3 The mechanism of reaction leading to the formation of MEP 
catalysed by DXR.  
Adapted from (Moise et al., 2013) with permission from American Chemical Society 
(Appendix XIV).  
 
 Plant DXR homologs from Arabidopsis have been demonstrated to be 
essential for the conversion of DXP to MEP (Schwender et al., 1999, 
Carretero-Paulet et al., 2002).  
 
1.4.1.3 Biosynthesis of IPP and DMAPP 
MEP reacts with cytidine 5′-triphosphate (CTP) to produce 4-
diphosphocytidyl-2-Cmethyl- D-erythritol (CDP-ME) and releases 
pyrophosphate in a reaction catalysed by 2-C-methyl-D-erythritol-4-
phosphate cytidyl transferase (MCT) (Gabrielsen et al., 2006). Subsequently, 
CDP-ME is converted by CDP-ME kinase (CMK) (Rohdich et al., 2000) to 4-
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(cytidine 5′-diphospho)-2-C-methyl-D-erythritol-2-phosphate (CDP-ME-2P) 
which in turn is converted through an intra-molecular transphosphorylation 
to 2-C-methyl-D-erythritol-2,4-cyclodiphosphate (MECDP) by MECDP 
synthase (MDS). The mechanism of reduction of 1-hydroxy-2-methyl-2-(E)-
butenyl-4-diphosphate (HMBPP) by HMBPP reductase (HDR) proceeds 
through a sequential reaction of two electron transfers from HDR to the 
HMBPP substrate. The first electron transfer generates an allyl radical. 
Transfer of a second electron allows the formation of an allyl carbanion 
intermediate. Protonation of either C3 or C1 affords isopentenyl diphosphate 
(IPP) or dimethylallyl diphosphate (DMAPP), respectively (Figure 1-4). 
 
Figure 1-4 The reactions leading to the biosynthesis of IPP and DMAPP from 
MEP.  
The reductive reactions carried out by HMBPP synthase (HDS) and HDR indicate the 
coupling to electrons obtained via flavodoxin and flavodoxin reductase (FldA) from 
NADPH. Adapted from (Moise et al., 2013) with permission from American Chemical 
Society (Appendix XIV).  
 
 
 
 
 Chapter 1: Introduction 13 
1.4.1.4 Biosynthesis of GGPP 
GGPP is the primary precursor for the biosynthesis of carotenoids and other 
isoprenoids in the plastids (Kuntz et al., 1992). It is formed by the addition of 
three molecules of IPP to one molecule of DMAPP in a 1′-4 head-to-tail 
condensation reaction catalysed by geranyl-geranyl diphosphate (GGPP) 
synthase (GGPS) to produce the 20-carbon carotenoid precursor (Figure 1-5). 
GGPP is generated through three cycles of ionization-condensation-
elimination reactions in which one additional IPP (C5 isoprenoid) unit is 
added at a time (Cornforth et al., 1966). 
 
 
Figure 1-5 Formation of GGPP form IPP and DMAPP  
Adapted from (Moise et al., 2013) with permission from American Chemical Society 
(Appendix XIV).  
 
 
 GGPP is the acyclic precursor for the biosynthesis of gibberellins, 
carotenoids, chlorophylls, isoprenoid quinones and geranylated proteins in 
plants. The enzyme GGPS is encoded by a multigene family consisting of five 
GGPS isozymes that are differentially expressed in many organs at various 
subcellular levels, and that have distinctive biological roles in the chloroplast, 
endosplasmic reticulum (ER) and mitochondria (Okada et al., 2000). 
Promoter-GUS analysis in Arabidopsis has demonstrated that GGPS1 and 
GGPS3 proteins supply precursors for the biosynthesis of chlorophyll, 
carotenoids and gibberellins in the plastids (Okada et al., 2000). GGPS2 and 
GGPS4 proteins are ER bound for transport to the cell surface via the Golgi 
apparatus to facilitate prenylation of proteins, and the fifth isoform GGPS6 is 
localised in the mitochondrion where it supplies precursors for ubiquinones 
side chains (Okada et al., 2000). Functional complementation assays in E. coli 
corroborated that a GGPS gene isolated from Jatropha curcas mediates 
biosynthesis of carotenoids and provides a source of precursors for other 
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diterpene pathways (Juan Lin, 2010). In a related study, functional 
complementation analysis of GGPS genes isolated from Madagascar 
periwinkle (Catharanthus roseus) demonstrated that GGPS is plastid destined 
owing to the possession of an N-terminal transit peptide which facilitates 
transport into the stroma (Thabet et al., 2012). 
1.4.1.5 Biosynthesis of phytoene 
Phytoene synthesis represents the first committed step in the production of 
carotenoids and it is considered a rate-controlling reaction as it controls the 
carbon flux separating competing branches in the isoprenoid pathway 
(Shumskaya et al., 2012, Rodríguez-Villalón et al., 2009). The head-to-head 
condensation of two molecules of GGPP by phytoene synthase (PSY) leads to 
the biosynthesis of pre-phytoene diphosphate. Subsequent elimination of the 
diphosphate group and stereospecific proton abstraction results in the 
formation of colourless C40 phytoene (Figure 1-6), which forms the backbone  
for further carotenoid biosynthesis (Fraser and Bramley, 2004).  
 
 
Figure 1-6 Enzymatic reaction model of PSY leading to the biosynthesis of 
phytoene from DMAPP. 
Adapted from (Moise et al., 2013) with permission from American Chemical Society 
(Appendix XIV).  
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PSY is a nuclear encoded enzyme that is represented by multiple 
isozymes residing at unknown plastid sites. PSY genes have been isolated 
from multiple species including tomato (Bartley and Scolnik, 1993), sorghum 
(Gallagher et al., 2004, Li et al., 2008), banana (Mlalazi et al., 2012) and the 
ornamental plant Osmanthus fragrans (Han et al., 2013), amongst others. PSY1 
and PSY2 genes were first identified in tomato where they are expressed in 
an organ specific manner (Bartley and Scolnik, 1993). PSY1 encodes a fruit 
and flower specific isoform and is responsible for carotenogenesis in 
chlomoplasts. In green tissues PSY2 is predominantly expressed, and makes 
a major contribution to carotenogenesis in chloroplasts (Fraser et al., 1999). 
PSY1 and PSY2 have also been isolated from melon (Qin et al., 2011) and 
banana. Unlike in tomato, banana PSY1 is predominantly expressed in the 
leaves, while PSY2 is the main paralogue expressed in the fruit pulp (Mlalazi 
et al., 2012). The banana PSY2 gene has two  sub-groups, PSY2a and PSY2b, 
which could have resulted from alternative splicing as a post-transcriptional 
regulation mechanism (Rodríguez-Suárez et al., 2011). An additional PSY 
isozyme, PSY3, has been found to be functionally expressed in sorghum, 
maize, rice and wheat, in response to abiotic stresses (Li et al., 2008, Dibari et 
al., 2012). These PSY paralogues probably resulted from duplication leading 
to sub-functionalisation, differential regulation and expression in response to 
different developmental and environmental signals (Dibari et al., 2012).  
 
1.4.1.6 Biosynthesis of lycopene  
Lycopene is a red linear carotene responsible for the pulp colour of tomato 
and watermelon (Lewinsohn et al., 2005). It is a potent antioxidant and its 
consumption is associated with lowered risk of cancer development and 
cardiovascular disease (Rao et al., 2003, Fraser and Bramley, 2004). Lycopene 
is generated in plants and cyanobacteria through a poly-cis pathway (Figure 
1-7), where phytoene is converted into lycopene by the action of two 
desaturases; phytoene desaturase (PDS) and zeta-carotene desaturase (ZDS), 
and by two isomerases, 15-cis-ζ-carotene-isomerase (Z-ISO) and carotene 
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isomerase (CRTISO) (Yu et al., 2011, Li et al., 2007, Bartley et al., 1999).  In 
higher plants, the conversion of tetra-cis-lycopene (pro-lycopene) to lycopene 
is also regulated via a light-mediated photo-isomerisation process 
(Cazzonelli, 2011). 
 
Figure 1-7 Poly-cis-phytoene synthesis pathway leading to the production of 
lycopene in plants.  
Adapted from (Moise et al., 2013) with permission from American Chemical Society 
(Appendix XIV).  
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1.4.1.7 Cyclisation of lycopene 
Lycopene is the substrate of two competing cyclises at a key regulatory 
branch point in the carotenoid pathway: lycopene ɛ-cyclase (LCYE) and 
lycopene β-cyclase (LCYB). Action of both enzymes on both ends of the 
lycopene molecule leads to the biosynthesis of α-carotene, whereas action of 
LCYB alone on both ends forms β-carotene. The β and ɛ-ionone rings formed 
by the actions of these two enzymes differ only by the position of a double 
bond within the cyclohexene ring (Figure 1-8). 
 
 
Figure 1-8 Cyclisation of lycopene by LCYB and LCYE to β-carotene and ɑ-
carotene respectively. 
Adapted from (Moise et al., 2013) with permission from American Chemical Society 
(Appendix XIV).  
 
 Unlike Arabidopsis, which has only one copy of LCYB, two paralogues 
have been isolated from Citrus spp. In ‘Washington Navel’, one paralogue 
(LCYB1) is expressed at relatively low levels throughout fruit ripening whilst 
the other (LCYB2) is  chromoplast specific and has a marked induction in 
both peel and pulp, accounting for a parallel accumulation of β-β-
xanthophylls in both tissues (Alquézar et al., 2009, Zhang et al., 2012b). 
Similar findings were reported for grapefruit (Citrus paradise) cultivars 
‘Flame’ (red flesh) and ‘Marsh’ (white flesh), although LCYB2 mRNA 
transcript levels were significantly lower in the red flesh cultivar (Mendes et 
al., 2011). Furthermore, two different alleles of LCYB2 have been isolated 
 18 Chapter 1: Introduction 
from saffron (Crocus sativus); LCYB2a and LCYB2b. However, the LCYB 
activity of the b allele is almost null (Ahrazem et al., 2010a). Unlike in Navel 
oranges, the red grapefruit ‘Star Ruby’, expresses mainly the non-functional 
LCYB2b allele during fruit ripening (Alquézar et al., 2009).  Consequently, it 
has been suggested that the presence of diverse alleles of the LCY2B gene, 
encoding enzymes with altered activity and with different transcript 
accumulation, may be an additional regulatory mechanism for carotenoid 
synthesis involved in the accumulation of lycopene in red grapefruits 
(Alquézar et al., 2009, Mendes et al., 2011).  
 
1.4.1.8 Biosynthesis of xanthophylls 
Xanthophylls are oxygenated carotenoids which include lutein, zeaxanthin 
and β-cryptoxanthin. They play essential roles in the protection against 
photo-oxidative cell damage in plants (Davison et al., 2002, Niyogi et al., 
1998, Demmig-Adams and Adams Iii, 1996, Niyogi et al., 1997). They are 
formed from the hydrocarbon carotenes by the introduction of oxygen 
moieties. Hydroxylation of β- or ε-ionone rings at the C3 position leads to the 
production of zeaxanthin and lutein via α-cryptoxanthin and zeinoxanthin 
respectively (Figure 1-9). Two distinct classes of enzymes are involved in the 
hydroxylation of carotenoids namely ferrodoxin-dependent non-heme di-
iron enzymes (HYD) (Sun et al., 1996) and enzymes belonging to the 
cytochrome P450 family (Tian et al., 2004, Kim and DellaPenna, 2006). 
Hydroxylation of the two β-ionone rings in β-carotene leads to the formation 
of zeaxanthin, while hydroxylation of one β-ring and one ε-ring in the α-
carotene leads to the formation of lutein (Figure 1-9). In the β-branch, 
hydroxylation is mediated by either the P450-type CYP97A or di-iron HYD 
hydroxylase enzymes. In the α-branch, hydroxylation of the ε-ring and α-ring 
is mediated by another P450 enzyme, CYP97C (Figure 1-9). The CYP97 
enzymes A and C have been shown to catalyse the biosynthesis of lutein 
from α-carotene through protein-protein interactions in the α-branch of the 
pathway (Quinlan et al., 2012). Xanthophylls are the most abundant seed 
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carotenoids in Arabidopsis, with lutein, the most abundant carotenoid in the 
plant kingdom, accounting for 80% of the total, followed by zeaxanthin (Kim 
et al., 2009).  
 
 
 
Figure 1-9 Hydroxylation reactions leading to the biosynthesis of 
xanthophylls.  
Biosynthesis of the xanthophylls zeaxanthin and lutein is mediated by two separate 
stereospecific β- and ε-ring hydroxylases (CYP97 and di-iron HYD). Adapted from (Moise et 
al., 2013) with permission from American Chemical Society (Appendix XIV).  
 
1.4.2 The xanthophyll cycle and formation of neoxanthin 
Under natural conditions, almost all photosynthetic eukaryotes are exposed 
to excessive light energy for various periods. Plants have developed efficient 
mechanisms of counterbalancing potential photo-oxidative damage and 
maintaining optimal photosynthesis under conditions of low light intensities. 
In chloroplasts light harvesting complexes (LHCs) in the photosynthetic 
apparatus of plants absorb and transfer excitation energy to the 
photosynthetic reaction centres to drive electron transport; these reactions 
convert light energy into chemical energy that is used to fix atmospheric CO2 
into sugars.  
Xanthophylls can function as accessory light-harvesting pigments, as 
structural entities within the LHCs, and are required for the protection of 
photosynthetic organisms from the potentially toxic effects of light (Jahns 
and Holzwarth, 2012). They are involved in the de-excitation of singlet 
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chlorophyll (Chl) (1Chl) that accumulates in the LHCs under conditions of 
excessive illumination (Demmig-Adams and Adams Iii, 1996). This de-
excitation, measured as non-photochemical quenching of Chl fluorescence 
(NPQ), depends on a large trans-thylakoid proton gradient that becomes 
established in excessive light. The development of NPQ correlates strongly 
with the synthesis of zeaxanthin and antheraxanthin from violaxanthin via 
the xanthophyll cycle (Figure 1-10).  
Introduction of 5,6-epoxy groups, into the 3-OH β-ionone rings of 
zeaxanthin, results in the formation of violaxanthin. This reaction proceeds 
via the mono-epoxidated intermediate antheraxanthin  and is catalysed by 
zeaxanthin epoxidase (ZEP) (Figure 1-10) (Marin et al., 1996). During 
conditions of high light intensity, however, a  reverse reaction catalysed by 
violaxanthin de-epoxidase (VDE) (Bugos and Yamamoto, 1996), is provoked 
to make more zeaxanthin available to dissipate excess absorbed energy 
(Niyogi et al., 1998). Strict regulation of the VDE by the lumen proton 
gradient (pH) ensures that zeaxanthin typically accumulates only under 
conditions where electron transport is saturated, in order to avoid 
undesirable dissipation of excitation energy under light-limiting conditions 
(Kalituho et al., 2007).  
 
 
 Chapter 1: Introduction 21 
 
Figure 1-10 The xanthophyll cycle in the β-carotene branch of the carotenoid 
biosynthetic pathway in plants.  
Adapted from (Moise et al., 2013) with permission from American Chemical Society 
(Appendix XIV).  
 
A neoxanthin synthase (NSY) enzyme has been postulated to catalyse 
the conversion of violaxanthin to neoxanthin (Bouvier et al., 2000). 
Interestingly though, no NSY genes have been identified in Arabidopsis. Two 
previous reports have suggested that NSY in tomato is encoded by a 
lycopene cyclase gene (Al Babili et al., 2000; Bouvier et al., 2000). Further, an 
ortholog of NSY in pepper codes for capsanthin–capsorubin synthase (CCS) 
(Bouvier et al., 1994) and in tomato for a chromoplast-specific LCYB (Ronen 
et al., 2000). This has led to speculation that these enzymes may be bi-
functional under certain conditions. Thus, to date, the exact mechanism 
underlying the formation of neoxanthin in plants remains unclear. 
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1.5 REGULATION OF CAROTENOID BIOSYNTHESIS AND 
ACCUMULATION IN PLANTS 
Regulation of carotenoid biosynthesis and its accumulation in plant tissues is 
a complex process. Carotenoid content varies greatly in different plant 
tissues and species which reflects various essential roles of these compounds 
in photosynthesis, photo-morphogenesis and plant development at different 
stages  (Fraser and Bramley, 2004). Notably, competition for isoprenoid 
precursors in multiple biosynthetic pathways and the role of carotenoids as 
precursors for the biosynthesis of the hormones ABA and strigolactones, 
means that changes in carotenoid content can result in physiological or 
biochemical changes in the plant, which in turn can affect the level of 
carotenoid biosynthesis  (Lu and Li, 2008). Consequentially, carotenoid 
regulation appears to be multifaceted and occurs at multiple levels in plants 
(Fraser and Bramley, 2004).  
 
1.5.1 Transcriptional regulation of carotenoid biosynthesis 
Carotenoid amount and composition is highly regulated throughout the life 
cycle of a plant in response to development and environmental signals 
(Cazzonelli and Pogson, 2010, Hannoufa and Hossain, 2012, Meier et al., 
2011). There are a number of studies describing altered carotenoid gene 
transcript abundance during fruit ripening, flower development or stress, 
which coincide with changes in carotenoid content. For example, DXS, which 
catalyses the first step of the MEP pathway, has been proposed as a rate-
limiting step for carotenoid biosynthesis due to a strong temporal-spatial 
correlation with carotenoid accumulation (Lois et al., 2000). In tomato DXS 
mRNA transcript levels have a similar expression pattern to PSY, the first 
committed enzyme encoding gene in the carotenoid pathway, suggesting a 
coordinated role with respect to the expression of these genes in the 
regulation of carotenoid accumulation (Lois et al., 2000).  
 
 
 Chapter 1: Introduction 23 
PSY expression has been well documented to correlate with ripening 
associated increases in carotenoid accumulation in numerous plant species. 
For example, in tomato PSY expression has been observed to increase more 
than 20-fold during fruit development (Giuliano et al., 1993). Similarly, Keqin 
et al. (2012) investigated the dynamic and differential expression of 
carotenoid metabolic genes in sweet orange (Citrus sinensis) and also found 
that PSY, in addition to, ZDS are up-regulated during fruit development 
whilst LCYB and capsanthin/capsorubin synthase (CCS) are down-
regulated. In squash, PSY gene expression increases dramatically during 
early development, however it then decreases during ripening (Nakkanong 
et al., 2012). The expression of LCYB and ZEP genes in squash correlate with 
increased accumulation of violaxanthin and lutein (Nakkanong et al., 2012).  
Additional elements with respect to the mechanisms regulating 
ripening associated increases in carotenoid accumulation and PSY expression 
in plants have been recently revealed. For example in tomato, a MADS-box 
transcription factor, Ripening INhibitor (RIN), has been shown to positively 
regulate carotenoid biosynthesis by directly binding to the promoter of a 
fruit-specific PSY1 and other upstream genes in the isoprenoid biosynthesis 
pathway (Martel et al., 2011). PSY1 expression markedly increased at the 
onset of ripening in wild type but not in rin mutant fruits (Martel et al., 2011). 
RIN has also been implicated in the regulation of gene expression in many 
other ripening-associated processes, including ethylene production and 
chlorophyll degradation (Fujisawa et al., 2013).  
Similarly, another transcription factor family has been associated with 
PSY expression. Phytochrome-interacting factors (PIFs), a group of basic-
helix-loop-helix transcription factors, bind to the G-box motifs of PSY 
promoters and repress expression under dark conditions. Exposure of 
etiolated seedlings to light results in degradation of PIFs by photo-activated 
phytochromes, which allows PSY expression and subsequently rapid 
production of carotenoids (Toledo-Ortiz et al., 2010, Meier et al., 2011). More 
recently, it has been shown that by responding to external light and 
temperature signals, a basic leucine zipper domain (bZIP) transcription 
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factor long hypocotyls 5 (HY5), acts antagonistically with PIFs to deliver 
environmental control of common target genes involved in photosynthesis 
and photo-protection (Toledo-Ortiz et al., 2014).  
Whereas PIFs are light labile, HY5 accumulates and is stable during 
light exposure (Osterlund et al., 2000). HY5 drives photo-morphogenic 
development by activating genes that promote photosynthetic machinery 
assembly, photo-pigment production (e.g. chlorophylls and carotenoids), 
chloroplast development, and seedling cotyledon expansion. HY5 has been 
demonstrated to bind to the same G-box cis-element which is repressed by 
PIF, and this dynamic dual control is believed to operate in conjunction with 
the circadian oscillator to adjust levels of rhythmic photosynthetic and 
carotenoid gene expression (Toledo-Ortiz et al., 2014). 
Carotenoid biosynthesis splits into two branches following the 
synthesis of lycopene to produce ε and β-carotenoids (Section 1.4.1.7). The 
expression of the genes LCYB and LCYE has a major regulatory role in 
modulating the flux of carotenoids through this branch point and thus in 
determining the ratio of the most abundant carotenoid found in plants, lutein 
to the β-carotenoids (Howitt and Pogson, 2006, Cazzonelli and Pogson, 2010). 
In carrot, for example, LCYB1 expression levels increase 25-fold in storage 
roots and 14-fold in leaves during plant development with a strong 
correlation in β-carotene accumulation (Moreno et al., 2013). Further, 
overexpression of LCYB1 resulted in up to 2-fold increases in β-carotene 
accumulation in storage roots with respect to wild type plants, whilst post-
transcriptional silencing of LCYB1 resulted in a 58% reduction in β-carotene 
content (Moreno et al., 2013). 
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1.5.2 Non-transcriptional regulation of carotenoid biosynthesis 
1.5.2.1 Plastid biogenesis 
Recent studies have shown that control of plastid biogenesis is an important 
mechanism, by which carotenoid biosynthesis and accumulation is regulated 
in plants and suggest that carotenoid accumulation can be boosted in the 
absence of up-regulated carotenoid gene expression, by triggering the 
synthesis of a plastid deposition sink to facilitate their storage (Li and Yuan, 
2013, Jarvis and López-Juez, 2013, Egea et al., 2011).  
Plastids are an important family of double-membrane-bounded 
cellular organelles that comprise one of the primary features that distinguish 
plant cells and various groups of algae from those of other eukaryotes. They 
are derived from an ancient form of cyanobacteria by endosymbiosis 
(Keeling, 2010) and are vital for all photosynthetic and some non-
photosynthetic eukaryotes. Plastids exist in several distinct forms and sizes, 
and perform different functions (Figure 1-11). For instance, chloroplasts are 
photosynthetic plastids, amyloplasts are starch-storing plastids, 
chromoplasts are carotenoid pigment-accumulating plastids, and proplastids 
are undifferentiated plastids that can differentiate into other plastid types. 
Etioplasts are chloroplast progenitors that form in darkness and accumulate 
chlorophyll precursors that are ready for rapid differentiation upon 
illumination. Elaioplasts store lipids in lipid droplets known as 
plastoglobules. Gerontoplasts form during senescence, owing to resource 
recycling through the disassembly of the photosynthetic machinery and 
autophagy. Most plastids are inter-convertible in response to development 
and environmental cues (Neuhaus and Emes, 2000). Plastids possess a small 
functional genome (the plastome), that typically carries fewer than 100 
protein-coding genes (Timmis et al., 2004). Most plastid proteins however,  
are encoded in the nucleus and must be imported following synthesis in the 
cytosol through numerous metabolic envelope transporters (Rolland et al., 
2012). 
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Figure 1-11 Plastid types and inter-conversions in plants 
Adapted by permission from Macmillan Publishers Ltd: Nature Reviews Molecular Cell 
Biology (Jarvis and López-Juez, 2013), Copyright (2013) (Appendix XV). 
 
Carotenoids are predominantly biosynthesised in chloroplasts and 
chromoplasts. Chromoplasts can differentiate from pre-existing chloroplasts 
during fruit ripening or directly from proplastids, leucoplasts and 
amyloplasts in non-green tissues (Figure 1-11). Chromoplast differentiation 
from chloroplasts is characterized by complete degradation of chlorophyll 
and disappearance of thylakoid structures accompanied with remodelling of 
internal membrane systems and dramatic accumulation of carotenoids in 
plastoglobules (Egea et al., 2011). In non-photosynthetic tissues, 
chromoplasts evolve  from proplastids (Lu et al., 2006), leucoplasts 
(Schweiggert et al., 2011b), and amyloplasts (Kim et al., 2010a).  
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1.5.2.2 Sequestration of carotenoids in plants 
Sequestration and stable storage of carotenoids within plastids is facilitated 
by a variety of sub-cellular structures which may appear as globular, 
membranous, tubular, reticuloglobular, crystalline and vesicular or a 
combination of different types (Egea et al., 2010, Jeffery et al., 2012) (Egea et 
al., 2010, Li et al., 2012). The abundance of these   structures can vary 
between plant species, tissue, and plastid type. For example, over-expression 
of a PSY gene resulted in an increased accumulation of carotenoids in 
Arabidopsis, which were sequestered in crystals in non-green tissues, but not 
in green tissues, indicating a fundamental difference in carotenoid 
sequestration mechanisms in these tissue-types (Maass et al., 2009). The type 
of carotenoid-containing structures present depends on the lipid:protein ratio 
of a given cell and tissue/plastid type (Egea et al., 2010).  
Similarly the presence and abundance of carotenoid-containing 
structures within plastids, as well as the plastid type, compartment size and 
frequency affects the level of carotenoids in any given plant tissue.  For 
example, light signalling proteins responsible for high pigment (hp1 and hp2) 
mutant phenotypes of tomato, corresponding to the DNA damage binding 1 
(DDB1) and de-etiolated 1 (DET1) loci respectively, exhibit increased 
accumulation of fruit carotenoids coupled with an increase in plastid number 
and size. Likewise, a high pigment 3 (hp3) mutant of tomato, which is caused 
by a mutation in the ZEP gene, confers enhanced carotenoid accumulation 
levels coupled with increased plastid compartment in cells (Galpaz et al., 
2008).   
Both hp1 and hp2 mutants exhibit high lycopene content in fruits and 
also have similar increases in the number and size of plastids. The hp1 
mutants express elevated levels of chromoplast-specific carotenoid-
associated protein (CHRC) that has been  found to positively contribute to 
superior carotenoid contents in tomato fruits by enhancing carotenoid 
sequestration and stability (Kilambi et al., 2013). Interestingly, despite the 
distinctive lycopene induction in hp1 fruits, the transcript levels of most 
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enzymes in the carotenoid biosynthesis pathway are lower than those of the 
wild-type at all stages of fruit ripening, indicating that the enhanced 
carotenoid accumulation in hp1 mutants is most likely regulated at the post-
transcriptional level (Kilambi et al., 2013).  
As observed in natural hp2 mutants, fruit specific down-regulation of 
DET1 increases carotenoid biosynthesis in tomatoes, but without pleiotropic 
effects on plant vigour such as reduced height, which are observed in the 
natural mutant (Davuluri et al., 2005, Enfissi et al., 2010). Integrative 
transcript and metabolite analysis, of transgenic down–regulated-DET1 
tomato plants, found that none of the general isoprenoid biosynthetic 
components are up-regulated in the transgenics, suggesting that, like with 
the hp1 mutants, post-transcriptional regulation is responsible for the DET1 
phenotype instead. An abundance of transcripts, encoding plastid-related 
proteins was coupled with a significant increase in plastid compartment per 
cell, and has therefore been suggested as the likely explanation for increased 
carotenoid formation (Enfissi et al., 2010). As such, it appears that increased 
plastid area per cell, creates a general increase in biosynthetic capacity. The 
increased plastid cellular compartment was reasoned not be a specific effect, 
but rather coordinated effects of DET1 on plastid-related events. This was 
concluded as transcription factors, known to be involved in plastid 
biogenesis, and structural proteins, involved in plastid biogenesis and plastid 
division, were not significantly affected in the transgenic plants (Enfissi et al., 
2010).  
Like the hp mutants of tomato, a genetic mutation in an orange curd 
mutant of cauliflower has also been linked to plastid biogenesis. The orange 
cauliflower mutant occurs due to a single gene mutation that confers a semi-
dominant orange (Or) phenotype in contrast to the wild type white curd 
phenotype (Crisp et al., 1975). The Or phenotype has been found to result 
from massive accumulation of sheet-like structures of β-carotene sequestered 
in chromoplasts (Li et al., 2001). In initial studies of this mutant, no 
significant up-regulation of β-carotene biosynthetic genes were observed in 
the Or phenotype, suggesting that the β-carotene accumulation was not due 
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to increased capacity of carotenoid biosynthesis (Li et al., 2006).  The Or gene 
has subsequently been cloned and found to encode a plastid-associated 
protein containing a Cysteine-rich domain similar to DnaJ-like molecular 
chaperones (Lu et al., 2006). The Or gene mutation is due to the insertion of a 
long terminal repeat retrotransposon in the wild type gene. The mutant Or 
gene induces the differentiation of non-coloured plastids into chromoplasts, 
thus providing an increased metabolic sink capacity for carotenoid 
accumulation (Lu et al., 2006).   
Interestingly, different chromoplastidal sequestration mechanisms has 
also been demonstrated to directly affect bioavailability using in vitro 
digestion models (Schweiggert et al., 2012), and recently in a human feeding 
trials with papaya, carrots and tomatoes (Schweiggert et al., 2014). 
Carotenoid absorption was observed to be three times higher from papaya, 
which contained lipid-dissolved globular carotenoids, than from carrots and 
tomatoes, both of which contained large crystalloid accumulations of β-
carotene (Schweiggert et al., 2014). Similarly, lycopene was approximately 2.6 
times more bioavailable from papaya than from tomato (Schweiggert et al., 
2014).  
 
1.5.2.3 Degradation and catabolism of carotenoids 
Carotenoids can be broken down into smaller molecules known as 
apocarotenoids by a group of non-heme iron-dependant enzymes called 
carotenoid cleavage dioxygenases (CCDs) and 9-cis-epoxycarotenoid 
dioxygenases (NCEDs). CCDs act by selective oxidative cleavage of a double 
bond within the polyene backbone. Depending on the cleavage site, addition 
of an oxygen atom at the double bond end results in the formation of 
aldehydes and ketones (Figure 1-12). The resultant apocarotenoid products 
are precursors for important plant signalling molecules including ABA 
(North et al., 2007) and strigolactone (Sui et al., 2013, Harrison and Bugg, 
2014, Matusova et al., 2005).  
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Figure 1-12 Carotenoid cleavage reactions catalysed by the enzymes CCD1, 
β-carotene oxygenase I (BCO1) and NinaB. 
Key CCD catalysed steps on the biosynthetic routes to the phytohormones strigolactone by 
CCD7 and 8 and abscisic acid by NCED are shown. Reproduced from (Harrison and Bugg, 
2014) with permission from Elsevier (Appendix XVI). 
 
 In Arabidopsis there are 9 CCD/NCED members, four of which are 
CCDs (CCD1, 4, 7 and 8), and another five which are ABA-related NCEDs 
(NCED2, 3, 5, 6 and 9). Multiple paralogues of these enzymes exist in 
different plant species with specialised functions. CCD1 and CCD4 are 
required for the production of scent and aroma volatiles. They cleave the 
9,10/9′,10′ bonds in carotenoids and epoxycarotenoids including β-carotene, 
lutein, neoxanthin and violaxanthin. CCD1 is cytosol-bound whereas CCD4 
is localised in the plastids. CCD7 and CCD8 act in concert to produce the 
recently discovered shoot branching hormone strigolactone (Harrison and 
Bugg, 2014). Plastid localised CCD4 has been widely implicated in the 
enzymatic turnover of carotenoids in several plant species. 
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 Various studies have utilised high and low carotenoid accumulating 
fruit phenotypes to investigate the role of CCD4 in carotenoid accumulation. 
For example, in a study by Campbell et al. (2010), microarray data showed a 
5-fold lower CCD4 expression in red-fleshed potato cultivars compared to 
white-fleshed genotypes. In the same study, RNA interference (RNAi) was 
used to down-regulate expression of the CCD4 gene in white-fleshed 
potatoes, which resulted in a 5.6-fold increase in carotenoids (predominantly 
violaxanthin) compared to controls (Campbell et al., 2010).  
 Similarly, a strong up-regulation of CCD4 expression has been 
observed in white-fleshed peach (Prunus persica) cultivars compared to red-
fleshed genotypes (Adami et al., 2013). Inhibition of CCDs using abamine SG 
has been shown to strongly down-regulate norisoprenoid production in a 
low carotenoid-containing ‘Redhaven Bianca’ (RHB) peach cultivar 
suggesting that the mutation in RHB is a gain-of-function mutation that 
restores CCD4 function (Brandi et al., 2011). More recent findings from peach 
based on DNA sequencing, expression analysis and linkage mapping have 
shown that CCD4 is inactivated by insertion of a retrotransposon in the 
intron of the CCD4 gene in red-fleshed peach cultivars, and by additional 
microsatellite repeats that causes a frame shift in the open reading frame of 
the gene (Ma et al., 2014, Fukamatsu et al., 2013). 
 Linkage mapping and genome-wide association studies in Arabidopsis 
thaliana have also identified CCD4 as a major negative regulator of 
carotenoid accumulation in seeds (Gonzalez-Jorge et al., 2013). In addition, 
CCD4 genes have also been cloned and functionally characterized from rose, 
apple and Osmanthus fragrans (Huang et al., 2009), chrysanthemum 
(Yoshioka et al., 2012) and Crocus sativus (Rubio-Moraga et al., 2014). The 
various CCD4 genes have demonstrated different apocarotenoid substrate 
specificities, various expression patterns and different genomic 
organizations. Consequentially, it has been suggested that in plants CCD4s 
may exist in at least two distinct forms, potentially with different biochemical 
functions (Huang et al., 2009).  
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1.6 BIOFORTIFICATION OF CROPS FOR IMPROVED 
CAROTENOID CONTENT 
Biofortification is the development of micronutrient-rich food crops using 
either conventional or modern biotechnology breeding practices. 
Biofortification of staple food crops offer a sustainable strategy to reach 
under-nourished populations in remote areas with limited access to 
commercially-available fortified foods and nutrient supplements in urban 
areas. However, conventional breeding practices are often limited, 
particularly for polyploid crops, as introgression of desirable agronomic 
traits can concurrently result in significant yield and taste changes and 
difficulty in environmental adaptation. Additionally, in some cases, such as 
with commercial banana cultivars, conventional breeding practices are 
impossible due to the sterile nature of the crop.  In such incidences a 
biotechnology approach to biofortification is often deemed to be more 
suitable and, in some cases, is the only option. 
In 2003, the Bill and Melinda Gates Foundation (BMGF) came up with 
fourteen grand challenges (GC) in global health (GH). A GC was described as 
a technological innovation that would remove a critical barrier to solving an 
important health problem in the developing world with a high likelihood of 
global impact and feasibility (Varmus et al., 2003). The GC goals included the 
development of vaccines and antibiotics, control of insect disease vectors, 
treatment of infectious diseases and chronic infections, as well as 
determining health and economic status. Grand challenge number nine (GC 
9), was creating staple crops with a complete set of micronutrients. Under 
GC 9, BMGF funded four projects to enhance the micronutirent content of 
banana, cassava, rice, and sorghum, all of which are in the top 10 staple crops 
in the world.  The BMGF GC banana project ‘Banana21’, has the key mission 
of "alleviating micronutrient deficiencies in Uganda through biofortification 
of the staple food of Uganda, bananas". Banana21 is led by Distinguished 
Prof James Dale at QUT in collaboration with the National Agricultural 
Research Organisation (NARO) of Uganda. 
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 The first successful regeneration of a transgenic plant was reported in 
1983, when insect-resistance genes were successfully transformed into 
tobacco (Horsch et al., 1984). With significant improvement in technology 
and knowledge from research outputs, tremendous improvements have 
taken place. Numerous attempts have been undertaken, for example, to 
improve PVA content of several food crops with variable approaches and 
successes as summarised in Table 1-1.  
To date, the banana biofortification programme (Banana21) at QUT has 
generated transgenic ‘Cavendish’ lines with high total carotenoid content up 
to 73 µg/g DW (J. Dale, QUT, pers. comm.). This represents around 14-fold 
increase in PVACs relative to non-transgenic ‘Cavendish’ fruits. In this 
project, the biofortification technology is developed and tested at QUT and 
promising strategies are transferred to NARO where local scientists 
implement it using local preferred cultivars. One of the most successful 
strategies at QUT has been to introduce PSY genes isolated from the high 
carotenoid accumulating cultivar ‘Asupina’ into the low carotenoid 
accumulating cultivar ‘Cavendish’ under the control of different promoters. 
This is an indication that using cisgenes from ‘Asupina’ represents a positive 
strategy for enhancing PVACs (Mlalazi et al., 2012). This strategy has now 
been implemented in local banana cultivars at NARO, and depending on the 
enactment of a legal framework, biofortified banana plants are expected to be 
released to farmers in Uganda by 2020 (J. Dale, QUT, pers. comm.). 
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Table 1-1 Examples of selected crops genetically engineered for enhanced 
carotenoid content 
 
PG = Tomato polygalacturonase promoter 
GBSS = Potato granule-bound starch synthase promoter 
SSU = Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) small-subunit (SSU) gene promoter 
 
The BMGF GH rice project ‘Golden Rice’, is perhaps the best publically 
known example of successful manipulation of the carotenoid biosynthetic 
pathway for improved PVA content. The first Golden Rice variety, ‘Golden 
Rice 1’ involved the introduction of a daffodil PSY and a bacterial (Erwinia 
uredovora) CRTI gene under the control of endosperm-specific glutelin and 
constitutive CaMV-35S promoters respectively (Ye et al., 2000). The 
endosperm of transformed rice accumulated up to 1.6 µg/g of mainly β-
carotene which nearly met the set target of 2 µg/g at the time. Replacement 
of the daffodil PSY with a maize PSY gene resulted in a 23-fold increase in 
total carotenoids in transgenic ‘Golden Rice 2’, of which 31 µg/g was β-
carotene (Paine et al., 2005). The International Rice Research Institute (IRRI) 
is now mandated to complete confined multi-location field trials and testing 
of ‘Golden Rice 2’ before its imminent release.  
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The BMGF GH cassava biofortification programme BioCassava Plus, 
has successfully expressed a bacterial phytoene synthase (CRTB) gene in 
cassava resulting in a 20-fold elevation in total carotenoid content (Sayre et 
al., 2011). Co-expression of CRTB with an Arabidopsis DXS transgene doubled 
the carotenoid content further, reaching up to >50 µg/g DW in the cassava 
tuberous roots (Sayre et al., 2011). However, naturally bred cassava cultivars 
with high levels of pro-vitamin A are also available and are also being used 
in food fortification programs (Sayre et al., 2011). 
Beyond the BMGF GH projects, various biotechnology strategies have 
been applied to increase carotenoid content of other food crops, as 
represented in Table 1-1 above. For example, in potato, Diretto et al. (2006) 
specifically down regulated expression of LCYE, the first biosynthetic 
enzyme in the branch leading to lutein biosynthesis. This redirected 
metabolic flux from the ɑ-carotene into the β-carotene branch of the 
carotenoid pathway in potato tubers. In this study LCYE was silenced via 
Agrobacterium-mediated transformation with an antisense fragment of the 
gene, resulting  in up to 14-fold increases of β-carotene in transgenic 
compared to wild-type (WT) potatoes (Diretto et al., 2006). However, 
silencing LCYE affected many other parameters of the pathway with changes 
in the expression levels of many pathway genes both up- and downstream to 
LCYE, including significant changes in the expression of PSY1, PDS, CRTISO, 
LCYB, lutein 1 (LUT1), and carotene hydroxylase 1 (CHY1). This illustrated 
that LCYE is sensitive to the levels of other intermediates and their products 
in the pathway. Furthermore, Diretto et al. (2007) expressed a combination of 
bacterial carotenoid biosynthetic genes in potato, including those encoding 
CRTB, CRTI and LCYB.  This approach resulted in an increase in total 
carotenoids of up to 47 µg/g DW, in potato tubers. Notably,  the 
accumulation of β-carotene in the transgenic potatoes increased by 3600-fold 
relative to WT controls (Diretto et al., 2007). 
Expression of bacterial genes has also been successful in enhancing 
carotenoid accumulation in maize. Aluru et al. (2008) expressed bacterial 
CRTB and CRTI genes in maize, resulting in a preferential accumulation of β-
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carotene in endosperm and a 34-fold increase in total carotenoids in the 
transgenics compared with WT controls. (Aluru et al., 2008). This study also 
demonstrated that expression of CRTB alone does not enhance β-carotene 
content.  
 
1.6.1 Challenges in the genetic manipulation of the carotenoid 
biosynthetic pathway 
Genetic transformation of plants can lead to unintended effects in the host 
plant such as changes in phenotype, metabolism, or chemical composition. 
Metabolic engineering of biosynthetic pathways can result in pleiotropic 
phenotypes because early precursors are often common to multiple 
biosynthetic pathways and/or branches. With respect to the isoprenoid 
biosynthetic pathway for example, constitutive expression of PSY in 
transgenic tomatoes, as an attempt to increase carotenoid levels, resulted in 
dwarfism due to the redirection of metabolites from the gibberellin pathway 
(Fray et al., 1995). Likewise, overexpression of cisgenic PSY1 and PSY2 in 
tobacco resulted in severely dwarfed phenotypes (Busch et al., 2002).  
Unintended alterations in respect to chemical/metabolite profiles 
were also observed in transgenic canola (Brassica napus) transformed with 
PSY to increase carotenoid levels in seeds. In this instance the content of 
other compounds (tocopherols and  chlorophylls) were unexpectedly 
reduced (Shewmaker et al., 1999). In the same study, the fatty acid content of 
the canola plants was also demonstrated to have changed. In wheat, 
constitutive expression of CRTI resulted in significant reductions in leaf 
lutein content due to upregulation of LCYB and carotene hydroxylase 
(HYD2) in parallel with slight reductions in  PSY1, PDS, LCYE, and HYD1 
expression in some lines (Wang et al., 2014). The constitutive expression of 
LCYB1 in tomato affected a number of non-target parameters and 
biochemical pathways including the synthesis of fatty acids, flavonoids and 
phenylpropanoids, the degradation of limonene and pinene, starch and 
sucrose metabolism and photosynthesis (Guo et al., 2012). Further, two genes 
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encoding peroxidases which are involved in phenylpropanoid synthesis 
were significantly down-regulated, including other genes that belong to 
cytochrome P450 family, which play important roles in catalysing the 
phenylpropanoid synthesis pathway (Guo et al., 2012).   
Unexpended transgene expression patterns have also been observed 
in transgenic plants. The expression of carotenoid genes are known to be 
developmentally and environmentally responsive as reviewed in Section 1.5, 
however, transgenic tomatoes constitutively expressing LCYB under field 
conditions also showed developmental induction of the transgene (Giorio et 
al., 2007). The transcript level was relatively low in LCYB transgenic fruits at 
the mature green stage and increased up to the ripe stage, where it seemed to 
reach a plateau. Contrarily, the endogenous LCYB transcription pattern in 
non-transgenic control lines showed a gradual reduction between the mature 
green, breaker and pink stages, followed by a small increase at the ripe stage 
(Giorio et al., 2007). LCYB over expression also induced the transcription of 
other carotenoid biosynthetic genes including PDS, ZDS and CRTRB1 in 
transgenic plants. Unexpected transgene expression patterns and phenotypes 
have also been observed in banana plants within the Banana21 project at 
QUT. For example, the expression of a bacterial PSY gene under what was 
believed to be a fruit specific promoter in the banana cultivar ‘Cavendish’, 
resulted in ‘golden-leaf’ phenotypes in some transgenic lines and elevated 
peel rather than pulp carotenoid levels (J. Dale, QUT, pers. comm). 
These examples demonstrate that the transgenic effects of expressing 
carotenoid genes can be unexpected and can also vary among species.  They 
also provide a strong cause for developing a better understanding of the 
regulation of metabolic pathways, including the flux of compounds within 
them and the contributing roles of different enzymes to product 
accumulation. This would enable more successful metabolic engineering 
strategies to be devised. It is also important to note that unintended 
consequences in transgenic plants are among the key elements of risk 
assessment procedures as well as safety assessments, and can seriously 
impact on product development timelines. 
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1.7 STATEMENT OF THE PROBLEM, AIMS AND OBJECTIVES 
Vitamin A deficiency anaemia remains a widespread public health 
concern in many developing parts of the world. The WHO estimates that 
over 250 million children are at risk from VAD complications mostly in 
Africa and South East Asia (Section 1.3.1). The majority of affected 
communities depend of starchy staple foods such as maize, rice, wheat, 
potatoes, cassava and bananas which inherently do not accumulate sufficient 
amounts of PVAC, the precursors for serum retinol. In Uganda, over 70% of 
the population depend on bananas for dietary energy, making it the most 
important food crop in the country (Frison and Sharrock, 1998). A recent 
health survey indicated that up to 33% of Ugandan children aged 6 – 59 
months, and 36% of pregnant women are vitamin A deficient (Uganda 
Bureau of Statistics (UBOS) et al., 2012).  
Vitamin A deficiency is associated with enormous health complications 
ranging from reduced resistance to diseases, night blindness, higher chances 
of developing various cancers, the risk of developing cardiovascular disease 
and ultimately higher mortality rates (Section 1.3). In the last decade, genetic 
engineering of staple crops for improved PVACs has been a major focus to 
combat VAD in developing countries as discussed in Section 1.3.1.  
 
Genetically modified (GM) crops, are a well-established technology. 
They have been grown commercially in the Americas and Asia for close to 15 
years, with no peer reviewed evidence for adverse environmental or health 
effects, but they remain subjected to substantial public and governmental 
scrutiny. One of the major concerns of the general public about transgenic 
crops relates to the mixing of genetic materials from species that are not 
naturally sexually compatible. To meet this concern a relatively new 
approach to engineering has been used whereby two concepts; cisgenesis 
and intragenesis have been developed as alternatives to transgenesis.  
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These concepts imply that plants are only transformed with genes 
derived from the species itself or from a closely related species capable of 
sexual hybridization (Holme et al., 2013). Genetic modification of bananas 
with cis-genes from Musa spp. is a strong contender for this approach as the 
content of banana fruits varies widely among non-commercial cultivars. For 
instance, certain Micronesian banana genotypes such as ‘Asupina’ (AAT) 
have been reported to accumulate comparatively large amounts of 
carotenoids compared to consumer-preferred cultivars such as the EAHB 
(AAA) and ‘Cavendish’ (AAA).  
Recently the genome of M. malaccensis has been made publically 
available (D/'Hont et al., 2012). Functional searches using this publically 
available data has suggested the existence of duplicated carotenoid genes on 
multiple chromosomes and also at multiple locations within chromosomes 
(http://banana-genome.cirad.fr/tools.html). However, with the exception of 
PSY (Mlalazi et al., 2012), these putative genes have not been isolated from 
any banana cultivar. Such isolation is clearly a requirement for their potential 
use in a cisgenic approach for enhancing carotenoid contents in low PVAC 
accumulating cultivars. 
Furthermore, a consistent analysis of the carotenoid accumulation 
process during banana fruit development is lacking and there is no 
comprehensive information regarding the regulation of carotenoid 
biosynthesis in banana, particularly in respect to the mechanisms underlying 
the variations between high and low PVAC cultivars. Predictable metabolic 
engineering and breeding is limited by the incomplete understanding of 
endogenous pathway regulation, as highlighted by the studies in Section 
1.6.1.  
 The overall aim of this study was to elucidate the processes involved 
in the regulation of carotenoid biosynthesis and accumulation in banana fruit 
using two phenotypically distinct banana cultivars ‘Asupina’ and 
‘Cavendish’. ‘Asupina’ naturally accumulates high levels of carotenoids in 
the fruits, while ‘Cavendish’ fruits contain very low levels of carotenoids.   
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The specific objectives were: 
1. To isolate putative carotenoid biosynthetic genes from the banana 
cultivars ‘Asupina’ and ‘Cavendish’. 
2. To investigate potential transcriptional regulation mechanisms of 
carotenoid accumulation in banana, by exploring correlations in the 
relative gene expression profiles of carotenoid-related genes with 
carotenoid accumulation profiles at different stages of fruit development 
in the cultivars ‘Asupina’ and ‘Cavendish’. 
3. To investigate non-transcriptional regulation mechanisms (sequestration 
and degradation) of carotenoid accumulation in the fruits of the banana 
cultivars ‘Asupina’ and ‘Cavendish’.  
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Chapter 2: General methods 
2.1 GENERAL MATERIALS 
Full addresses of material suppliers are included in Appendix I. Recipes for 
buffers, solutions and media are detailed in Appendix II. 
 
2.1.1 Bacterial strains 
Escherichia coli strain XL1-Blue (Stratagene) was used for all general plasmid 
manipulations. Agrobacterium tumefaciens strain AGL1 was used for transient 
infiltration assays for gene expression analysis. 
 
2.1.2 Plant material 
‘Asupina’ (AAT) and ‘Cavendish’ (AAA) banana cultivars were grown in 
experimental fields at South Johnstone Research Station, Queensland State 
Government Department of Employment, Economic Development and 
Innovation (DEEDI), Australia. Each cultivar was represented by 3 plants as 
biological replicates. Three fruits from each plant were collected at 3 weekly 
intervals, following bunch emergence, and shipped overnight from the field 
station to the laboratory. The three fruits represented the top, middle and 
bottom parts of bunches. Developmental stages (S) were represented by 
weeks after full bunch emergence, and S3 was earliest fruit stage collected; 3 
weeks after bunch emergence. ‘Cavendish’ fruits were collected from S3 to 
S9, plus full green (FG) and full ripe (FR) stages. ‘Asupina’ fruits were 
collected from S3 to S24, plus full green (FG) and full ripe (FR) stages.  Fruit 
from the three ‘Cavendish’ plants were collected during the same harvest 
season spanning 9 April 2013 to 17 June 2013. Fruits from two ‘Asupina’ 
plants were collected from a single fruiting season (31 July 2012 to 29 
November 2012) and one from a separate fruiting season (28 May 2012 to 12 
November 2012). Fruit samples were given laboratory identification numbers 
and details including fruit position, development stage, collector, collection 
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and processing dates were recorded. Representative external and internal 
features of fruit samples were photographed using a Nikon Coolpix P100 
digital camera (Nikon) mounted on a Kaiser® copy stand RS 1 with RA-1 
arm (Kaiser) at a distance of 63 cm from the fruit. Each fruit was peeled and 
cut into three pieces. These were sampled for RNA, and carotenoid 
extractions as detailed in Sections 2.2.1 and 2.5.1 respectively. ‘Asupina’ leaf 
was also collected for DNA extraction (Section 2.2.4) and transported to the 
laboratory on dry ice. 
Following the collection of all fruits for RNA and carotenoid analysis, 
additional fruits at requested stages of development were collected from 
newly emerged bunches for microscopy analysis and transient infiltration 
assays. These were processed as detailed in Sections 2.1.2.3 and 2.4.7, 
respectively. 
 
2.1.2.1 Plant materials for gene isolations 
Samples for gene isolations were taken from the middle section of peeled 
fruits. Banana samples were cut into approximately 1 cm3 pieces and placed 
in labelled zip polythene bags and then immediately transferred onto dry ice. 
‘Asupina’ leaf samples were stored at −80 ˚C. Processed fruit samples were 
frozen at −80 °C for subsequent use. 
 
2.1.2.2 Plant materials for carotenoid accumulation and transcriptional 
regulation studies 
The remaining 2 sections of pealed fruits were processed for carotenoid 
analysis (Section 2.5) and gene expression analysis (Section 2.3.6.4). Any 
traces of peel were scrapped off pulp tissue and samples were cut into 
approximately 1 cm3 pieces and transferred to Petri dishes, then immediately 
transferred onto dry ice. Samples were stored at −80 °C until freeze-drying.  
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 Samples were freeze dried under a vacuum temperature of −80 °C in a 
VirTisTM Benchtop K freeze dryer (SP Industries) for 72 hours (hr). Freeze-
dried tissue was ground using ceramic mortars and pestles and the powder 
transferred to 30-ml screw-capped tubes (Sarstedt). Screw-capped tubes were 
sealed with parafilm to minimise chances of moisture contact and samples 
were stored at −80 °C until required. Aliquots of freeze-dried pulp samples 
containing equal proportions of top, middle and bottom fruits were used for 
carotenoid and RNA extractions. 
 
2.1.2.3 Plant materials for microscopy analysis 
Freshly harvested fruit samples of ‘Asupina’ and ‘Cavendish’ at full green 
(FG) stages were processed for light microscopy (LM). ‘Asupina’ FG fruits 
were kept at room temperature until the FR stage was reached. ‘Cavendish’ 
FG fruits were gassed with ethylene to initiate the ripening process. 
Approximately 1 cm3 of pulp specimens were taken from the middle cross 
section of each fruit and fixed in 3% paraformaldehyde at 4 °C overnight. 
 
2.2 ISOLATION AND ANALYSIS OF NUCLEIC ACIDS  
2.2.1 Isolation of RNA from banana tissues 
Total RNA was extracted according to a protocol adapted from Valderrama-
Cháirez (2002) with minor modifications. Briefly, 100 mg of frozen banana 
leaf and pulp tissue (or 50 mg of freeze-dried tissue) was weighed in a 2-ml 
cryovial tube containing a single lead bead and then homogenised using a 
TissueLyserTM II (Qiagen) at full speed for 15 seconds (sec) and kept frozen in 
liquid nitrogen (for frozen tissues). RNA was extracted from tissue lysate 
using 800 µl of RNA extraction buffer (Appendix II). In order to obtain a 
homogenous mixture from free-dried tissues, a rapid and vigorous mixing 
was necessary at this step. Polysaccharides were precipitated using 88 µl of 5 
M potassium acetate and 200 µl of absolute ethanol. These reagents were 
likewise mixed with a vortex mixer and centrifuged again at 18, 000 xg for 5 
minutes (min). The top layer (900 µl) was transferred into a new 2-ml 
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cryovial tube and total RNA extracted with 900 ml of chloroform-
isoamylalcohol (49:1, v:v). The reagents were mixed with a vortex mixer and 
centrifuged at 18, 000 xg for 5 min. The top layer (800 µl) was transferred to a 
new 2-ml cryovial tube and a second extraction was performed using 800 µl 
of chloroform-isoamylalcohol (49:1, v:v). The reagents were mixed on a 
vortex mixer and centrifuged at 18, 000 xg for 5 min. Extraction was repeated 
for the third time with 700 µl of chloroform-isoamylalcohol (49:1, v:v). The 
top layer (500 µl) was transferred to a new 1.5-ml tube and RNA precipitated 
with 167 µl of 12 M lithium chloride overnight. Total RNA was pelleted at 
20,000 xg at 4 °C for 45 min, washed with 1 ml of 70% (v/v) ethanol and 
dried under vacuum for 10 min. The pellet was resuspended in 50 µl of 
RNase-free water and its concentration determined with a NanoDropTM UV-
Vis spectrophotometer (Thermo) (Section 2.2.5). Samples with absorbance 
ratios (A260/A280) of ~ 2 were stored at −80 °C for subsequent use.  
 
2.2.1.1 DNase I treatment of RNA  
Total RNA was treated with DNase I to remove traces of genomic DNA 
using an RQ1 RNase-free DNase Kit (Promega), following manufacturer’s 
instructions. Twenty units (U) of Protector RNase inhibitor (Roche) were 
added to prevent RNA degradation during DNase I treatment. The treated 
RNA was analysed using 1.5% (w/v) agarose gel electrophoresis to confirm 
RNA quality and effectiveness of DNA removal. Distinct 28S and 18S 
ribosomal RNA bands were taken to represent good quality RNA, whereas 
smears indicated RNA (including mRNA) degradation. Presence of any 
bands over 5 kb indicated presence of genomic DNA and such samples were 
discontinued from further analysis until DNA-free RNA was obtained. 
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2.2.1.2 Purification of messenger RNA from total RNA  
Polyadenylated mRNA was purified from DNase-treated total RNA (100 – 
500 µg) using a GenEluteTM mRNA Miniprep Kit (Sigma-Aldrich) following 
the manufacturer’s instructions.  
 
2.2.2 First-strand complementary DNA synthesis   
Purified mRNA was reverse transcribed using an anchored-oligo(dT)18 
primer (primer AP84, Appendix III to generate cDNA using a Trancriptor 
First Strand cDNA Synthesis Kit v.06 (Roche), following manufacturer’s 
instructions. The procedure was accomplished in two stages. During the first 
step, 12 µl of purified mRNA (Section 2.2.1.2) was mixed with 1 µl of 
Anchored oligo (dT)18 (50 µM) in a total reaction volume of 13 µl. The 
template was denatured for 10 min at 65 °C in a DNAEngineTM thermocycler 
(Bio-Rad). The mixture was placed on ice and 7 µl of a master mix containing 
1X Transcriptor Reverse Transcriptase Reaction Buffer, 20 U of Protector 
RNase Inhibitor, 1mM of each dNTP, and 10 U of Reverse Transcriptor 
Reverse Transcriptase was added to bring the total reaction volume to 20 µl. 
The final mixture was incubated for 1 hr at 50 °C in a DNAEngineTM 
thermocycler (Bio-Rad), followed by inactivation of Reverse Transcriptase at 
85 °C for 5 min. The reaction products were incubated on ice for 1 min and 
stored at −80 °C for later use. 
 
2.2.3 Preparation of cDNA for gene expression analysis 
Three micrograms of total RNA were treated with DNase I to remove any 
contaminating gDNA using an RQ1 RNase-free DNase kit (Promega), 
according to manufacturer’s instructions. One microgram of DNase-treated 
RNA was reverse-transcribed into cDNA using an M-MLV cDNA synthesis 
kit (Promega) following the manufacturer’s protocol, and oligo-dT18 primer 
(primer AP84, Appendix III) (Roche).  The extra DNase-treated RNA was 
used as controls in subsequent experiments. The concentration of cDNA was 
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measured using a NanoDropTM UV-Vis spectrophotometer (Thermo) (Section 
2.2.5).  
2.2.3.1 Poly A tailing of cDNA 
A homopolymeric A-tail was added to 3’end of first-strand cDNA using 
recombinant Terminal Transferase and deoxy-adenosine triphosphate 
(dATP) using a Second Generation 5´/3´ RACE Kit (Roche), according to 
manufacturer’s instructions.   The dA-tailed cDNA was used directly in 5’ 
RACE reaction (Section 2.3.3). 
 
2.2.4 Isolation of genomic DNA  
Genomic DNA (gDNA) was isolated using a protocol adapted from Stewart 
and Via (1993). Approximately 250 mg of frozen ‘Asupina’ leaf tissue were 
homogenised in a 2-ml cryovial tube using the TissueLyser II (Qiagen) for 15 
sec at 30 Hz. Homogenisation was repeated 2-3 times, each time returning 
the samples to liquid nitrogen, until a fine powder was obtained. The 
homogenised sample was mixed with 800 µl of pre-warmed (65 °C) CTAB 
buffer (Appendix II) and incubated at 65 °C for 30 min with occasional 
shaking. Subsequently, samples were mixed with 800 µl of 
chloroform:isoamyl alcohol (24:1, v:v) and centrifuged for 5 min at 18000 xg.  
The aqueous phase was transferred into a new 2-ml eppendorf tube and 
treated with 2µl of RNase A (1µg µl-1) for 60 min at 37 °C. A final 
chloroform:isoamyl alcohol extraction was performed (as in the step above) 
and DNA was precipitated overnight at −20 °C using an equal volume (700 
µl) of isopropanol. The next day DNA was pelleted by centrifugation at 
18000 xg for 10 min. The pellet was washed with 1 ml of ice-cold 70% ethanol 
and dried under vacuum for 10 min. The dried pellet was resuspended in 50 
µl of sterilised deionised water (dH20) overnight in a refrigerator. 
Resuspended DNA was quantified using a NanoDropTM UV-Vis 
spectrophotometer (Section 2.2.5) (Thermo) and samples were stored at −20 
°C for later use. 
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2.2.5 Purity, quality and quantitative assessment of nucleic acids  
The concentration and purity of DNA, RNA and cDNA was determined 
using a NanoDropTM UV-Vis spectrophotometer (Thermo) according to 
Desjardins and Conklin (2010). The machine was blanked with 1.5 µl of the 
respective elution buffer prior to sample measurements. The same volume 
was used for samples and measurements were taken at wavelengths of 260 
and 280 nm. The ultraviolet (U.V) absorption spectrum from 220 – 350 nm 
was also determined. The NanoDropTM automatically calculates 
concentrations and records them as ng/µl. The purity of nucleic acids was 
assessed based on A260/A280 ratio, with ~ 1.8 being desirable for DNA or 
cDNA and ~ 2.0 acceptable for RNA. The spectral image at the wavelength 
from 220 – 350 nm was also reviewed to supplement assessment of sample 
quality. 
 
2.2.6 Agarose gel electrophoresis 
Unless stated otherwise, all DNA electrophoresis gels were prepared as 2% 
agarose gels in 1x Tris-Acetate-EDTA (TAE buffer) (Appendix II).  For RNA 
electrophoresis, TAE buffer was prepared in sterilised diethylpyrocarbonate 
(DEPC) treated water. The molten agarose gel was cooled to approx. 50 °C 
and 2.5 µl (0.025%) of SYBR® Safe DNA gel stain (Invitrogen) was added per 
every 100 ml before being poured with a gel comb in place and left to set for 
20-30 min. Gels were run in the same buffer used to prepare them using 
either mini- or midi-multi sub electrophoresis tanks (Owl). Where required, 
samples were loaded with a final concentration of 1X loading dye (Appendix 
2-2). A DNA ladder Marker X (Roche) or 100-bp HyperLadder (Bioline) was 
run alongside samples for band size comparisons. Electrophoresis was 
performed at 100 V for 45 min and the gel was viewed on Safe ImagerTM 
(Invitrogen) with a blue-light transilluminator installed in a G:Box gel 
documentation system (Syngene) and documented using a computer 
installed with  GeneSnapTM image acquisition software (Syngene). 
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2.2.6.1 Extraction and purification of DNA from agarose gels 
DNA fragments of the correct sizes were excised from agarose gels using 
sterile scalpel blades and purified using a Freeze N Squeeze kit (Bio-Rad) or 
a High Pure PCR product purification Kit (Roche). The products were either 
used directly in ligations (section 2.4.1) or stored at – 20 °C for later use.  
 
2.2.7 Isolation and purification of plasmid DNA  
A single bacterial colony was used to inoculate 3 ml of Luria-Bertani Broth 
(LB media) (Appendix II) supplemented with 100 µg/ml of ampicillin 
(Sigma) and incubated at 37 °C with shaking at 200 rotations per minute 
(rpm) overnight (~ 16 hr). The bacterial culture was centrifuged at 14,000 xg 
for 1 minute at room temperature. All subsequent centrifugations were also 
performed at 14,000 xg unless stated otherwise. The supernatant was 
discarded and residual superannuant was removed using a pipette. The 
pellet was resuspended in 100 µl of alkaline lysis solution I (Appendix II) and 
2 µl of RNase A (100 µg/ml) followed by addition of 200 µl of alkaline lysis 
solution II (Appendix 2-2) to lyse the cells. The sample was gently mixed and 
incubated at room temperature for 5 min, and 150 µl of alkaline lysis solution 
III (Appendix II) was added and gently mixed. The neutralised sample was 
incubated at room temperature for 5 min followed by addition of alkaline 
lysis solution IV (Appendix II). After gentle mixing of the contents, the 
mixture was centrifuged for 5 min. Approximately 400 µl of the top layer was 
transferred to a new tube and DNA was precipitated by addition of 2 
volumes of absolute ethanol. Precipitation was enhanced by incubation at 
−20 C for 15 min. DNA pellet was obtained following centrifugation for 5 
min. The supernatant was poured off and the pellet washed in cold 70% 
(v/v) ethanol. Remnant of ethanol was removed with a fine tip pipette 
following a quick spin in a centrifuge. The DNA pellet was dried under 
vacuum for 10 min and resuspended in TE buffer or RNAse free water. 
Purification of target plasmid DNA (pDNA) was confirmed by restriction 
digestion using appropriate restriction endonucleases (RE). 
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2.2.8 Restriction digestion reactions  
Restriction digestion reactions were carried out in a total volume of 10 µl 
consisting of 1X reaction buffer, 2 – 10 ng of plasmid DNA and 1 Unit of 
appropriate RE. For cloning with pGEMT easy vectors (Section 
2.4)(Promega), restriction digestion with either EcoRI or NotI restriction 
endonucleases was used to excise gene fragments. Reactions were incubated 
for at least 2.5 hr in a shaking water bath set at 37 °C. Restriction products 
were analysed by gel electrophoresis (detailed in Section 2.2.6). 
 
2.2.9 DNA sequencing  
The identity of insert DNA from PCR (Section 2.3.2), RACE (Section 2.3.3) 
and Genome Walking (Section 2.3.4) reactions were confirmed by DNA 
sequencing using either gene-specific primers or M13 universal primers 
(Appendix III). The sequencing reaction (20 µl) consisted of 3.2 pmol of the 
selected primer, 150 – 300 ng of pDNA, 1x sequencing buffer and 1 µl of 
BigDye Terminator v3.1 enzyme mix (Applied Biosystems). The 
thermocycling conditions included an initial denaturation at 96 °C for 5 min 
followed by 30 cycles of 96 °C for 10 sec, 50 °C for 5 sec and 60 °C for 4 min. 
The reaction was held at 14 °C and stored at 4 °C. 
 
2.2.9.1 Purification of DNA sequences 
All 20 µl of sequencing product was transferred to a 1.5-ml tube and mixed 
with 12.5 mM EDTA (pH 8.0), 0.3 mM sodium acetate (pH 5.2) and 3 
volumes of absolute ethanol. The reagents were mixed with a vortex mixer, 
incubated at room temperature for 15 min and centrifuged for 20 min at 
10,000 xg. The supernatant was removed and discarded using a pipette and 
the pellet washed with cold 70% (v/v) ethanol, followed by centrifugation 
for 5 min at 10,000 xg. Ethanol remnant was completely removed using a 
fine-tip pipette and the pellet was dried under vacuum for 10 min. DNA 
sequences were analysed by capillary electrophoresis at the Molecular 
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Genetics Research Facility, QUT and DNA sequencing files retuned in 
Applied Biosystems sequence trace (ABI) format. 
 
2.2.10 DNA sequence analysis  
The ABI files were converted into DNA sequence chromatogram files (SCF) 
using Chromas Lite v.2.1.1 (http://technelysium.com.au). Further analyses 
were carried out in an expert sequence analysis tool SeqMan II, a component 
of Lasergene Suite v.8 (DNASTAR Inc, Madison, WI, USA). Once imported 
into SeqMan, the vector system used was specified and all vector sequences 
were automatically trimmed. The insert sequences were assembled into 
contigs and all points of variation verified by examining the chromatogram 
profiles. Machine scoring errors were appropriately edited and the identities 
of consensus sequences of different contigs determined through ‘blast’ 
searches at the National Centre for Biotechnology Information (NCBI) 
website (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 
 
2.2.10.1 Gene structure annotation 
The structures of fully assembled genes were annotated using Vector NTI 
Advance® v.6.0 (Lu and Moriyama, 2004). Nucleotide sequences were 
translated using the expert protein analysis system (ExPASy) web translation 
tool at the Swiss Bioinformatics Institute website (http://web.expasy.org/ 
translate) to determine the open reading frames (ORF). Coding sequences 
(CDS), 5´ and 3´ untranslated regions (UTRs) were accordingly assigned to 
each gene.  
2.2.10.2 Phylogenetic and evolutionary analysis 
Isolated gene sequences were subjected to BLAST searches at NCBI 
(http://blast.ncbi.nlm.nih.gov) and protein sequences of closely matching 
accessions were retrieved. Homologous amino acid sequences were aligned 
using Multiple Sequence Comparison by Log-Estimation (MUSCLE) with 
default settings using Geneious software ver. 4.8.4 created by Biomatters 
(http://www.geneious.com). To increase the quality of the analysis, 
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spurious sequences and poorly aligned ends were manually trimmed using 
BioEdit software (Hall, 1999). Neighbour joining (NJ) trees were constructed 
in MEGA software (Tamura et al., 2013).  
 Molecular clock tests were performed based on the rate of amino acid 
sequence substitution by comparing the maximum likelihood (ML) value for 
the respective tree topologies with and without the molecular clock 
constraints under the Jones-Taylor-Thornton (JTT) model (Jones et al., 1992) 
using MEGA software (Tamura et al., 2013). The rejection level for equal 
evolutionary rate was set at P < 0.05.  
The evolutionary rate between the GOI and the most closely related 
homolog was tested using Tajima’s relative rate test (Tajima, 1993). The null 
hypothesis was rejected when the P value for the χ2 test was less than 0.05. 
The functional domains of isolated genes were annotated based on 
published literature after multiple protein sequences were aligned using 
GeneDoc software ver. 2.7 (Nicholas and Nicholas, 1997). 
 
2.3 AMPLIFICATION AND QUANTIFICATION OF NUCLEIC ACIDS 
2.3.1 Primer design 
Primers for polymerase chain reactions (PCR), reverse-transcription PCR 
(RT-PCR) and reverse-transcription quantitative (RT-qPCR) were designed 
from consensus gene sequences using Primer3 Plus 
(http://www.bioinformatics.nl/ cgi-bin/primer3plus/primer3plus. cgi). For 
RT qPCR primer design, the server setting of Primer3 Plus was altered from 
default to qPCR.  Primers were selected from 3’-untranslated gene regions, as 
this region is more unique than the coding region (Udvardi et al., 2008). The 
length of all primers ranged from 18 – 26 bp with a GC content of 35 – 36 °C.  
The melting temperature (Tm) target was 55 – 68 °C. For other amplification 
purposes (Sections 2.3.2, 2.3.3 and 2.3.4), a GC base clamp was included for 
primer stability. Internal secondary structures such as hairpins and dimers 
resulting from primer self- or cross-annealing, as well as sequence segments 
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with repetitive bases and known single nucleotide polymorphisms (SNPs), 
were avoided.  All primers used are listed in Appendix III, 
All RT-qPCR primers were compared to the banana genome using 
primer blaster (http://banana-genome.cirad.fr/primer_blaster) and only 
those which had specific annealing sites (with minimum mismatches) were 
included. Primers with positive genome annealing sites were subjected to 
further analysis using the Premier NetPrimer Biosoft online analysis tool 
(http://www.premierbiosoft.com/netprimer). Primers that failed to meet 
the criteria above were either improved by shifting to adjacent sequences, or 
discarded and new ones chosen manually. Manually selected/modified 
primers which met the criteria for qPCR primer design were compared to the 
banana genome using the BLAST function on the banana genome hub 
(http://banana-genome.cirad.fr/blast) to confirm specific annealing.  
 
2.3.2 Polymerase chain reaction (PCR) and reverse-transcription PCR (RT-
PCR) 
Amplification by PCR was carried out using a DNAEngineTM thermocycler 
(Bio-Rad) and Green GoTaqTM Reaction Buffer (Promega).  Unless stated 
otherwise, all PCRs contained 2.5X of GoTaq, 0.6 µM of each primer, 10 ng of 
template and dH2O to a final volume of 25 µl. All PCRs were initially 
denatured at 94 °C for 2 min followed by 30 cycles of 94 °C for 30 sec, 50 – 60 
°C for 1 min and 78 °C for 1 min per Kb of expected product. A final 
extension step of 72 °C for 5 min was included and samples were held at 14 
°C until electrophoresis, purification or use in the subsequent procedure.  
Total RNA (Section 2.2.1) was used as template for RT-PCR performed 
using a Titan One Tube RT-PCR Kit (Roche) following the manufacturer’s 
instructions. The reaction consisted of 1 cycle of reverse transcription at 50 °C 
for 30 min, followed by an initial denaturation of 2 min at 94 °C, then 10 
cycles of 94 °C for 10 sec, 47 °C for 30 sec, 68 °C for 60 sec, and another 30 
cycles of 94 °C for 10 sec, 47 °C for 30 sec, and 68 °C for 60 sec +5 sec/cycle. 
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After a final extension of 7 min at 68 °C the reaction was held at 14 °C and 
analysed by agarose gel electrophoresis (Section 2.2.6). 
 
2.3.3 Rapid amplification of cDNA ends (RACE) 
Rapid amplification of cDNA ends (RACE) was used to amplify the 
unknown flanking sequences of genes. Both 5´- and 3´-RACE were carried 
out using a Second Generation 5´/3´ RACE Kit (Roche) following 
manufacturer’s instructions.  
 
2.3.3.1 3´ RACE PCR 
Reactions of 3´ RACE were performed directly using first-strand cDNA 
(Section 2.2.2). The first reaction was carried out in a final volume of 25 µl 
consisting of 12.5 µl 5X Green GoTaqTM Reaction Buffer (Promega), 500 
mmoles of PCR Anchor Primer (Appendix III) and 500 mmoles of a gene-
specific primer (GSP) and approximately 10 ng (5 µl) of first-strand cDNA. 
The second reaction was set up using 1 µl of the diluted (1:20, v:v) first 
reaction product as template and an inner GSP, (Appendix III) the rest of the 
reaction composition and concentrations remained the same as for the first 
reaction.  
 Thermocycling conditions for both first and second reactions included 
an initial denaturation of 94 °C for 2 min followed by 10 cycles of 94 °C for 15 
sec, 50 °C for 30 sec and 72 °C for 90 sec, then 30 cycles of 94 °C for 15 sec, 50 
°C for 30 sec and an extension of 72 °C for 90 sec plus 2 sec/cycle. Final 
extension was at 72 °C for 7 min. Products were held at 14 °C and analysed 
by agarose electrophoresis (Section 2.2.6). Target bands were excised and 
purified (Section 2.2.6.1) and ligated in pGEM-T-Easy vectors (Section 2.4.1). 
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2.3.3.2 5´ RACE PCR 
For 5´ RACE, template cDNA was synthesised using the Random Hexamer 
Primers provided in the kit or using gene specific primers designed based on 
the known sequences (Appendix III). Incubation temperatures were the same 
as for first-strand cDNA synthesis using oligo (dT)18 primer (Section 2.2.2), 
but the final product was purified using a High Pure PCR Product 
Purification Kit (Roche Diagnostics) following the manufacturer’s 
instructions. A poly (A) tail was then added to the cDNA (Section 2.2.3.1) 
before it was used in a 5´-RACE reaction. 
  The first 5′ reaction was carried out in a final volume of 25µl 
consisting of 12.5µl 5X Green GoTaqTM Reaction Buffer (Promega), 500 
mmoles of Oligo dT-Anchor Primer, 500 mmoles of an outer GSP and 
approximately 10 ng (5 µl) of dA-tailed cDNA (Section 2.2.3.1). The second 5´ 
RACE reaction was set up using 1 µl of the diluted (1:20, v:v) first reaction 
product as template and an inner GSP, the rest of the reaction composition 
and concentrations remained the same as for the first reaction.  
 Thermocycling conditions for the and second 5´ RACE reactions 
included an initial denaturation of 94 °C for 2 min followed by 10 cycles of 94 
°C for 15 sec, 50 °C for 30 sec and 72 °C for 90 sec, then 30 cycles of 94 °C for 
15 sec, 50 °C for 30 sec and an extensive extension of 72 °C for 90 sec plus 2 
sec/cycle. Final extension was at 72 °C for 7 min. Products were held at 14 °C 
and analysed by agarose electrophoresis (Section 2.2.6). Target bands were 
excised and purified (Section 2.2.6.1) and ligated in pGEM-T-Easy vectors 
(Section 2.4.1). 
2.3.4 Genome walking  
High molecular weight ‘Asupina’ gDNA was extracted as previously 
described (Section 2.2.4). Genomic DNA (10 µg) was completely digested 
with 7 restriction enzymes: EcoRV, StuI, PvuII, SspI, SmaI, NaeI and DraI, in 
separate tubes overnight, to create Genome Walking libraries. Successful 
digestions were confirmed by analysing 5 µl of the restriction digestion 
reactions by electrophoresis (Section 2.2.6). Digested DNA was precipitated 
at −20 °C using 3 volumes of absolute ethanol for 2 hr. The DNA pellets were 
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washed with 80% (v/v) ethanol, dried and resuspended in 20 µl of Elution 
buffer from a GenElute mRNA kit (Sigma-Aldrich). Restriction fragments 
were resuspended following incubation at 65 °C for 2 hr. Presence of 
digested DNA was confirmed by agarose gel electrophoresis (Section 2.2.6).  
To create specific primer binding sites, Genome Walking PCR adapter 
sequences (Clontech) were ligated to both the blunt ends of the restriction 
fragments using T4 DNA Ligase (Promega) and Ligase Buffer (Promega). 
The mixtures were incubated at 16 °C in a DNAEngineTM thermocycler (Bio-
Rad) for 16 hr. Ligase was inactivated at 70 °C for 20 min in the thermocycler. 
Ligation products were diluted 1:4 (v:v) with nuclease free water to create 
100 µl Genome Walking libraries. 
Genome Walking adapter specific primer 1 (AP17) (Appendix III) and 
an outer gene-specific primer (Appendix III) were used in a primary PCR 
reaction comprising of 12.5 µl 5X Green GoTaqTM Reaction Buffer (Promega), 
400 mmoles of each primer and 1 µl of each genome walking library  in a 25-
µl reaction volume.  Primary PCR products were diluted 1:50 (v/v) with 
nuclease free water, and 1 µl used in a secondary PCR using Genome 
Walking adapter primer 2 (AP18) (Appendix III) and an inner gene-specific 
primer (Appendix III). Secondary PCR reactions were setup the same as 
primary reactions above. PCR conditions for both primary and secondary 
PCR included an initial denaturation of 94 °C followed by 10 cycles of 94 °C 
for 15 sec, 50 °C for 30 sec and 72 °C for 30 sec, then 25 cycles of 94 °C for 15 
sec, 50 °C for 30 sec, and 72 °C for 30 sec. A final extension was performed at 
72 °C for 7 min and the reaction was cooled to 14 °C before analysis by 
agarose gel electrophoresis (Section 2.2.6).  
 
2.3.5 RNA sequencing 
The banana transcriptome of ‘Asupina’ was examined using mRNA isolated 
as described in Section 2.2.1.2. Firstly, total RNA integrity was confirmed by 
both NanoDropTM (Thermo) analysis (Section 2.2.5) and by agarose gel 
electrophoresis (Section 2.2.6). Up to 10 tubes containing 2 µg of quality RNA 
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was treated with DNase I as per Section 2.2.1.1, and mRNA was purified 
from pooled DNase-treated RNA. The purified mRNA was submitted to the 
Molecular Genetics Research Facility at the Institute of Future Environments, 
Queensland University of Technology (Brisbane, Australia) for sequencing 
using a Illumina HiSeq™ 2000 sequencing system (Illumina) using standard 
conditions.  
RNA-sequencing (RNA-Seq) reads were analysed using CLC Genomics 
Workbench 7.0.3 software (http://www.clcbio.com). Adapter sequences 
were removed and quality sequences were mapped to the M. acuminata 
genome (D/'Hont et al., 2012). Identities of the assembled reads were 
confirmed through blast searches and specific primers were designed to 
amplify selected genes from ‘Asupina’ cDNA. Finally 3´ and 5´ RACE PCRs 
were used to obtain complete target gene sequences as previously described 
(Section 2.2.3). 
 
2.3.6 Real-time quantitative PCR analysis 
2.3.6.1 Selection and validation of reference genes for RT-qPCR analysis 
Prior to the quantification of selected genes of interest (GOIs), expression 
levels of potential reference genes were analysed. The amplification 
efficiencies (E) of potential reference gene primer pairs were assessed in real-
time using a 7–point dilution series of pooled cDNA. Each dilution step 
represented a 10 fold difference in cDNA concentration. Real-time qPCR 
(RTqPCR) reactions consisted of 5 µl of diluted cDNA (70 ng – 1 µg), forward 
and reverse primers (0.2 µM of each), and 1 X GoTaq® qPCR Master Mix 
(Promega) in a total volume of 20 µl. Reactions were performed using a 
Rotor-Gene Q real-time PCR System (Qiagen). Reaction conditions were 50 
°C for 2 min, 95 °C for 2 min, followed by 40 cycles of 95 °C for 15 sec, 60 °C 
for 30 sec, 72 °C for 5 sec and 82 °C for 5 sec. Fluorescence was detected at 
470 nm and recorded in real-time. Product melt curves were analysed at 72 – 
99 °C. All reactions were performed in triplicate. No template and RT 
controls were included for every set of primer to check reagent 
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contamination or presence of any template gDNA. A calibrator control 
(Section 2.3.6.1) was included in every run to monitor machine consistency. 
Following selection of the two most stable reference genes (Chapter 4, 
Section 4.2.4) the amplification efficiencies of the primers designed for RT-
qPCR analysis of each reference gene and each GOI were compared. Only 
GOI primer pairs with equal amplification efficiencies to the selected 
reference genes were used, enabling gene quantification by the 2–ΔCT method 
(Section 2.3.6.3).  
 
2.3.6.2 Real-time calibrator preparation and application  
The ‘Asupina’ gerany geranyl diphosphate synthase (GGPS) gene ligated 
into a pGEM-T Easy Vector (Promega) was used as a calibrator to detect 
inter-run RT-qPCR variations. Serial dilutions of the plasmid were tested in 
RT-qPCR reactions to determine a dilution with a cycle threshold (Ct) 
between 20 and 25 using gene specific primers (primers AP62-AP63, 
Appendix III). A premix containing diluted plasmid and 0.2 µM each of 
forward and reverse primer was prepared as a master mix. Aliquots of 32 µl 
of the master premix was added to 0.5 – ml tubes and stored at −80 °C until 
required for use. One tube of the calibrator premix was thawed on ice and an 
equal volume of GoTaq® qPCR Master Mix (Promega) was added to it and 
mixed. A 20 µl aliquot of the calibrator reaction mixture was distributed into 
reaction wells in triplicate for every RT-qPCR run. Reaction conditions were 
as described in section 2.3.6. Results of all calibrator runs were recorded in an 
Excel sheet along with the run dates for detection of machine deviation. 
 
2.3.6.3 Gene specific RT-qPCR reactions 
Quantitative amplification of selected reference genes and GOIs were carried 
out in triplicates using 5 µl of cDNA, 0.2 µM of each forward and reverse 
primers (AP60 -AP83, Ap105, AP106, AP122 and AP123), Appendix III) and 1 
X GoTaq® qPCR Master Mix (Promega) in a total volume of 20 µl. The 
reaction conditions were programmed as described in Section 2.3.6.1. The 
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template cDNA was prepared as described in Section 2.2.3, and diluted 1:5 
(v/v) in RNase-free DNase-free water (Promega). All quantitative 
experiments were setup in triplicate to account for amplification error, and 
all primer sets included a no-template-control (NTC). A reverse transcriptase 
control was included for every new batch of cDNA synthesized and each run 
had a calibrator included in triplicate to check for machine deviation. For the 
initial runs, the real-time products were run on 2% agarose to verify their 
sizes and specificities in addition to analysis of product melt curves. 
 
2.3.6.4 Quantification of carotenoid gene expression in bananas 
Raw fluorescence data were analysed using Rotor-Gene Q Series Software 
v1.7 (Qiagen). The Ct values for both the selected reference genes (Section 
2.3.6.1), internal calibrator (Section 2.3.6.2) and GOIs (Section 2.3.6.3) were 
exported to Excel® (Microsoft) for further analysis. Gene expression for each 
sample was calculated using the 2–ΔCT method (Livak and Schmittgen, 2001, 
Schmittgen and Livak, 2008), where ΔCT = (CT gene of interest – CT internal 
control).  
2.4 GENE CLONING AND TRANSFORMATION   
2.4.1 Ligation reactions  
DNA fragments generated by PCR or restriction digestion were purified 
from agarose gels using either a High Pure PCR product purification Kit 
(Roche) or Freeze n Squeeze Kit (Bio-Rad) and ligated with 50 ng of the T-
tailed vectors pGEM-T vector system I or pGEM-T-Easy vector system 
(Promega). For all other ligations, backbone plasmid DNA was prepared by 
restriction endonuclease digestion followed by agarose gel purification 
(Section 2.2.6). Purified plasmid backbone and DNA fragments were ligated 
in a final reaction volume of 20 µl at an insert:vector ratio of approximately 
3:1. All ligations contained 1 U of T4 DNA Ligase (Promega) and Rapid 
Ligation buffer (Promega). Reactions were incubated at 4 °C for up to 16 hr. 
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2.4.2 Preparation of heat-shock competent E. coli cells 
Chemically competent E. coli cells were prepared as described by Inoue et al., 
(1990) with slight modifications. A single colony of E. coli XL1 blue was 
inoculated into 3 ml of LB media (Appendix II) supplemented with 15 µg/ml 
of tetracycline and incubated overnight at 37 °C with shaking at 200 rpm. 
Following incubation, an aliquot of 2 ml of the overnight culture was used to 
inoculate 250 ml of SOB media (Appendix II) and incubated at 18 °C with 
shaking at 200 rpm until an OD600 of approximately 0.6 was reached.  Once 
optimal growth was attained, aliquots of 850 µl of the log-stage culture was 
each mixed with 150 µl of sterilized glycerol, snap-frozen in liquid 
nitrogenand stored at −80 C for future use. Remaining cultures were 
centrifuged for 10 min in a JA-14 rotor at 4 °C and 2500 xg in a Beckman J2-
MC centrifuge (Beckman Coulter). The pellet was resuspended in 80 ml of 
filter-sterilised ice cold transformation buffer (TB) (Appendix II), followed by 
centrifugation at 2500 xg for 10 min at 4 °C. The supernatant was discarded 
and cells were washed for a second time with 80 µl of TB, incubated on ice 
for 10 min and centrifuged at 2500 xg for 10 min at 4 °C. The pellet was 
resuspended in ice-cold TB and dimethyl sulfoxide (DMSO) (Sigma-Aldrich) 
was added to a final concentration of 7% (v/v). The cells were incubated on 
ice for 10 min and aliquots of 100 µl distributed in sterile 1.5 ml tubes on ice.  
The cells were snap-frozen in liquid nitrogen and stored at −80 °C for 
subsequent experiments. 
 
2.4.3 Preparation electro-competent A. tumefaciens  
Electro-competent A. tumefaciens (strain AGL1) were prepared as described 
by Dower et al (1988). Briefly, a single colony of A. tumefaciens was 
inoculated into 5 ml of LB media containing rifampicin (25 µg/ml) and 
incubated at 28 °C for 48 hr with shaking at 200 rpm. After incubation, 
aliquots of 2 ml were used to inoculate 2 x 125 ml of LB medium 
supplemented with 25 µg/ml of rifampicin and incubated at 28 °C for 24 hr 
with shaking at 200 rpm. When the optimal growth of OD600 ~ 0.6 was 
reached,  cultures were chilled on ice and centrifuged at 4000 xg for 15 min at 
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4 °C in a pre-chilled JA-10 rotor (Beckman coulter). Pellets were washed in 
250 ml of chilled, filter-sterilised 1 M Herpes (pH 7.0). Washing was repeated 
and the final pellet resuspended in chilled 10% (v/v) glycerol. Cells were 
transferred to 15-ml plastic vials (Sarstedt) and centrifuged in a JA-17 rotor 
(Beckman coulter) for 15 min at 4000 xg. The pellets were resuspended in 1 
ml of 10% (v/v) glycerol and aliquots of 100 µl distributed in sterile 1.5 ml 
eppendorf tubes, snap-frozen in liquid nitrogen and stored at −80 °C. 
 
2.4.4 Transformation of competent cells 
2.4.4.1 Transformation of E. coli 
For transformation, 100 µl of frozen chemically competent cells were thawed 
on ice for 15 min. Approximately, 10 µl of ligation reactions (Section 2.4.1) 
were added to the competent cells and the mixture incubated on ice for a 
further 20 min. Cells were heat-shocked at 42 °C for 90 sec and immediately 
transferred on to ice for 2 min. Liquid LB medium was added to a final 
volume of 500 µl and the mixture incubated at 37 °C with shaking at 200 rpm 
for 1 hr. To select transformed cells, 100 µl of the bacterial culture was 
inoculated in petri dishes on Luria-Bertani Agar (LA media, Appendix 2-2) 
supplemented with 100 µg/ml ampicillin. Plates were incubated at 37 °C 
overnight. White colonies (transformed cells) were selected to inoculate 
overnight liquid cultures for subsequent plasmid DNA extraction (Section 
2.2.7). 
 
2.4.4.2 Transformation of A. tumefaciens 
For transformation, 50 µl of competent cells and approximately 100 ng of 
purified vector DNA were mixed in a pre-chilled eletroporation cuvette (path 
length = 2 mm) (Cell Projects). Cells were pulsed at 2.8 KV, 5 milli sec (msec), 
14 kV/cm and 25 µFD in an EC-100 electroporator (E-C Apparatus). Cells 
were immediately resuspended in 950 µl of SOC medium and incubated at 
28 °C for 2 hr with shaking at 200 rpm. The culture was spread on LA media 
supplemented with 100 µg/ml of rifamycin, 50 µg/ml of kanamycin and 100 
 Chapter 2: General methods 61 
µg/ml of carbenicillin (all from Sigma-Aldrich) for selection of transformed 
cells. Cells were incubated at 28 °C for up to 3 days. 
 
2.4.5 Growth of bacteria in liquid cultures  
2.4.5.1 Liquid cultures for E. coli 
E. coli cultures were initiated from either single colonies or from glycerol 
stocks (Section 2.4.6) by inoculation into LB media, (Appendix II) 
supplemented with appropriate selection antibiotics. E. coli liquid cultures 
were incubated at 37 °C for up to 16 hr with shaking at 200 rpm. 
 
2.4.5.2 Liquid cultures for A. tumefaciens 
A. tumefaciens cultures were initiated from either single colonies or from 
glycerol stocks (Section 2.4.6) by inoculation into LB media supplemented 
with appropriate selection antibiotics. A. tumefaciens liquid cultures were 
incubated at 28 °C for up to 72 hr with shaking at 200 rpm. 
 
2.4.6 Maintenance of bacterial cultures  
Bacterial glycerol stocks were prepared by mixing an equal volume of liquid 
cultures (OD600 ~ 1) and sterilised 80% (v/v) glycerol. Cryovials were snap-
frozen in liquid nitrogen and stored at −80 °C. 
 
2.4.7 A. tumefaciens infiltration of banana fruits 
Recombinant A. tumefaciens cultures were grown in LB media supplemented 
with 100 µg/ml carbenicillin, 50 µg/ml kanamycin and 25 µg/ml rifampicin 
for 48 hr at 28 °C with shaking at 200 rpm. After this, the culture volume was 
increased to 25 ml with LB media supplemented with 100 µg/ml 
carbenicillin, 50 µg/ml kanamycin, 25 µg/ml rifampicin, and acetosyringone 
at a final concentration of 25 µM. Cultures were  incubated at 28 °C overnight 
with shaking until an OD600 of ~ 0.7 was reached. The following day cultures 
were centrifuged at 3000 xg for 10 min and washed twice with 10 ml of 
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infiltration medium (Appendix 2-2). Cultures were resuspended with 
infiltration media to an OD600 of ~1.0, and grown for a further 3 hr with 
gentle shaking at room temperature (RT) prior to infiltration. Approximately 
1 ml of culture was delivered into the banana fruits using a needle-free 
injection system Injex30™ (Injex). Injection sites were sealed with tape and 
fruits were left at room temperature for 3 days. The fruits were then 
incubated in ethylene gas for 48 hr and transferred to room temperature to 
complete the ripening process. Fully ripe fruits were sampled for RNA and 
carotenoid extractions (Sections 2.2.1 and 2.5.1) respectively. Three days post-
infiltration, un-gassed banana fruits were sectioned for histochemical GUS 
assays (Section 2.4.8). Fully ripe fruits were processed for freeze drying and 
used in carotenoid analysis (Section 2.5) and in gene expression analysis 
(Section 2.3.6) Data were analysed and compared using Graphpad Prism 
v5.04 for Windows, (GraphPad Software, www.graphpad.com). 
 
2.4.8 Histochemical GUS assay 
Banana fruits were histochemically assayed for GUS expression according to 
Jefferson et al (1987) with minor modifications. On the third day post 
infiltration, cross-sections of banana fruit tissues were incubated at 37 °C for 
12 hr in a GUS staining buffer (Appendix II). After staining, tissue sections 
were destained with a 3:1 (v:v) mixture of ethanol: acetic acid to remove 
pigmentation, and then stored in 70% ethanol (v/v) prior to photography. 
 
2.5 ANALYSIS OF CAROTENOIDS FROM BANANA FRUITS 
2.5.1 Extraction of carotenoids  
Carotenoids were extracted under dim light conditions to minimize light-
induced changes. The amount of starting material was optimised to achieve a 
colourless pellet after three extractions. Subsequently, 200 mg and 50 mg of 
freeze dried ‘Cavendish’ and ‘Asupina’ pulp tissues, respectively, were 
prepared in triplicate per sample. Freeze-dried samples were weighed into 2-
ml tubes containing 5 mm stainless steel beads (Qiagen) and homogenised in 
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a TissueLyserTM (Qiagen) bead beater at 30 cycles per second for 30 sec. Two 
protocols were tested for optimal recovery as described in Sections 2.5.1.1 
and 2.5.1.2 below. 
 
2.5.1.1 The acetone-based protocol 
Carotenoids were extracted by the addition of 1 ml of acetone and further 
homogenised in the bead beater for 30 sec at 30 cycles per second. Samples 
were transferred to 15-ml tubes containing 100 mg of Alpha tocopherol 
acetate (Sigma-Aldrich) as an internal standard (IS). Sample remnants in the 
2-ml tube were washed with an additional 1 ml of acetone and transferred to 
the corresponding 15 ml tube. The same amount of IS was aliquoted into 4 
separate 1.5 ml tubes for determining the IS recovery efficiency. The sample-
acetone mixture was mixed with a vortex mixer for 30 sec and centrifuged for 
5 min at 4000 xg in an Allegra® X15R centrifuge (Beckman Coulter) at 4 °C. 
All subsequent centrifugations for carotenoid extractions were conducted 
using the same conditions unless specified otherwise. The supernatant was 
transferred to a new 15 ml tube and the carotenoids from the pellet were 
extracted 2 additional times with 2 ml of acetone, resulting in 6 ml of 
supernatant and a colourless pellet. The supernatant was partitioned using 2 
ml of a mixture of petroleum ether and diethyl ether (2:1, v/v), followed by 
addition of 6 ml filter-sterilised 1% (w/v) solution of sodium chloride. The 
phases were mixed 20 times by gentle inversion, centrifuged, and the upper 
organic phase was transferred into a new 1.5 ml tube. An additional 
extraction with 1 ml of acetone was performed and the second organic phase 
transferred in to a second 1.5 ml tube. The sample and IS tubes were dried 
under vacuum for 2 hr. Dried samples were stored at −20 °C and analysed by 
HPLC-PDA within 7 days (Section 2.5.2). 
 
2.5.1.2 The chloroform-based protocol 
Carotenoids were extracted with 700 µl of chloroform and 350 µl of 
methanol. 100 µl of 1 mg/ml IS was added to each of the triplicate samples 
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and to four additional collection tubes as for the acetone-based protocol 
above (Section 2.5.1.1). Samples were homogenised by vortexing for 30 sec 
and stored at −20 ˚C for 1 hr. 350 µl of deionised water was added and 
samples were vortexed for 30 sec. Homogenised samples were centrifuged at 
14,000 xg for 4 min. The organic hypo-phase (bottom coloured layer) was 
collected into a new collection tube and stored on ice. Additional 700 µl of 
chloroform was added to the pellet and vortexed for 30 sec. Sample 
homogenate was centrifuged for 4 min at 14,000 xg and the resultant hypo-
phase combined to the previous. Extra hypo-phase was collected into a 
second collection tube. A third extraction was performed using 700 µl of 
chloroform. The sample was vortexed for 30 sec and centrifuged for 4 min at 
14,000 xg. The final organic hypo-phase was added to the second collection 
tube. Extracts and IS controls were dried under vacuum were stored for a 
maximum of 7 days at −20 °C until analysis by HPLC-PDA (Section 2.5.2). 
2.5.2 Analysis of carotenoids by HPLC-PDA 
Two mobile phases were used for gradient separation of carotenoids at 
varying flow rates. Solvent C consisted of 1:1 (v/v) methanol and tert-methyl 
butyl ether (TBME). Solvent D and consisted of methanol, TBME and 
distilled water in a ratio of 5:1:1 (v/v/v). All chemicals used for HPLC were 
of analytical grades and organic solvents used were of HPLC grade sourced 
from RCI Labscan, unless specified otherwise. HPLC-grade water was 
purchased from Merck.  
Dried samples and IS were each resuspended in a final volume of 200 
µl of Solvent C. Duplicate samples were each resuspended in 100 µl and 
pooled together to make the final volume. After resuspension the eluate was 
centrifuged for 5 min at 18000 xg and 100 µl of each sample and IS were 
transferred into glass inserts pre-fitted in screw-capped amber HLPC vials 
(Agilent).  Carotenoids were analysed using an Agilent 1200 series liquid 
chromatograph system (Agilent), which consisted of a pump (G1311A) a 
degasser (G1322A), an auto sampler injector (G1329A), a column oven 
(G1316A) and a PDA detector (G1315D). The system was operated by 
Chemstation for LC 3D Systems Software (Agilent). Sample injection 
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volumes were 10 µl. HPLC separations were achieved using a YMCTM C18 3 
µm difunctional bonded, low ligand density, silica-based reverse-phase 
column (4.6 x 250 mm) fitted with a 5 µm YMCTM carotenoid (4.0 x 23 mm) 
guard cartridge (Waters). The mobile phases consisted of Solvent C and 
Solvent D (Appendix II). The elution gradient started with 57% (v/v) Solvent 
C from which a linear gradient to 100% Solvent C by 23 min was performed. 
A conditioning phase of 6 min was then used to return the column to the 
initial concentration of C and D. The column temperature was maintained at 
24 °C. UV-Visible (UV-Vis) spectra detection was performed continuously in 
the rage of 190 – 700 nm.  The internal standard was analysed at 285 nm and 
carotenoids at 450 nm. 
 
2.5.3 Identification of carotenoids and preparation of a β-carotene 
calibration curve  
Carotenoids absorb light in the visible-UV range. As such, when in solution 
they obey the Beer-Lambert law which states the absorbance of a sample in 
solution at a specific wavelength is linearly proportional to the concentration 
of the absorbing compound. 
  
The Beer-Lambert equation is given by   E = ε * c * d 
 
Where, E = measured absorbance, ε = molar extinction coefficient (Lmol-1 cm-
1), c = concentration (mol/L), d = distance of light path. 
 
Thus, the identification of carotenoids was achieved by both the 
comparison of retention times relative to an authentic β-carotene standard 
(Sigma), and by comparison of  spectral properties (λmax and spectral 
structure at 450nm) with reference spectra (Britton et al., 2008, Rodriguez-
Amaya and Kimura, 2004). Quantification of carotenoids was performed by 
comparison of HPLC-PDA absorbance peak areas with a dose–response 
curve constructed from the authentic β-carotene standard. These values were 
then corrected to account for individual carotenoids and for losses during 
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extraction, as detailed in Section 2.5.4. The β-carotene standard was 
quantified and a calibration curve prepared as detailed below: 
A stock solution of β-carotene (Sigma) was analysed in triplicate using 
a Lambda 35 UV/Vis Spectrophotometer (Perkin Elmer). The 
spectrophotometer was blanked using acetone. The spectrum was scanned 
between 700 – 350 nm for each replicate and absorbance recorded at 450 nm, 
as given in the example below (Table 2-1). 
 
Table 2-1 An example of the spectrophotometer results from three replicates 
of a β-carotene stock solution 
Replicate Absorbance 
Absorbance 1 0.54895 
Absorbance 2 0.56616 
Absorbance 3 0.5624 
Average 0.55917 
 
 In this instance, a 1 cm wide cuvette was used for the spectrophotometric 
determination of E, therefore d = 1, and as such:  c = E/ε 
Therefore: c = 0.55917/ ε 
The molar extinction coefficient (ε) used was that of β-carotene, as detailed in 
Table 2-2. 
  
Table 2-2 The molar extinction coefficient (ε) and molecular mass (M) values 
of selected carotenoids in chloroform   
Compound ε  (L/mol/cm) M (g/mol) 
Lutein 122688 568 
Zeaxanthin 133480 568 
α-carotene 150360 537 
β-carotene 134000 537 
 
Therefore: c = 0.55917/134000 mol/L 
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To convert this to ng/µL, the OD was divided by ε, multiplied with the 
molecular mass of β-carotene, and multiplied by 1000 (i.e., to convert mg/ml 
to ng/µL). 
So, c = (0.55917/134000 mol/L) x 537 g/mol x 1000 = 2.24084 ng/µL 
 
The β-carotene solution was then used to construct a 10 point calibration 
curve by evaporating different volumes (µl) of the solution in ten 1.5-ml 
tubes. An example is detailed in Table 2-3.  
 
Table 2-3 β-carotene standard curve calibration points 
 
 
The aliquots were dried under vacuum for 2 hr and later resuspended 
in 100 µl of Solvent C for HPLC analysis. A standard curve was built and the 
best fit line to data was determined using the least squares method (Abdi, 
2007) based on the general equation; Y = a + bX, where Y = area under the 
curve, X = concentration of the β-carotene, a = y-axis intercept value and b = 
slope of the regression line. From the standard curve, the number of HPLC 
absorbance units (AU) equivalent to 1 ng of β-carotene was determined 
(Figure 2-1). 
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Figure 2-1 An example of a β-carotene standard curve  
The number of absorbance units (5.2107) equivalent to 1 ng of β-carotene on the HPLC. A 
new standard curve was constructed after every 10 continuous HPLC runs, in the event of a 
machine shutdown (due to power service), or following prolonged period of no use (> 4 
weeks). 
 
2.5.4 Quantification of carotenoids in banana extracts  
Quantification of carotenoids was performed by comparison of HPLC-PDA 
absorbance peak areas with a dose–response curve constructed from an 
authentic β-carotene standard as outlined in Section 2.5.3. The IS α-
tocopherol acetate, included in each sample, was used to assess losses during 
the extraction procedures and its recovery was used to correct the 
concentration of carotenoids. The carotenoid species in unknown samples 
was determined by the equation: 
 
Where; Cx = concentration of carotenoid X; PA = peak area of carotenoid X; 
Wt = sample weight in grams; Corr. fact. = percentage recovery of the 
internal standard (as a decimal); Inj. vol. = amount of extract injected into 
HPLC machine; Elut. vol. = final elution volume of dried extract; Dil. fac. = 
any dilution of the injected material; AU = absorbance unit equivalent to 1 ng 
of β-carotene and Fi = HPLC response factor for carotenoid i, which is 
calculated as the slope of the regression of the peak areas of the parent 
carotenoid (plus the peak areas of structurally related isomers if present), 
against the carotenoid masses of the injected working standard (µg) 
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(Bidigare, 1991). The Fi of the different banana carotenoids against β-carotene  
are; lutein = 1.09, α-carotene = 0.89, trans-β-carotene = 1.0 and  cis-β-carotene 
= 1.0. 
The determination of total carotenoids, total PVA carotenoids and 
beta carotene equivalents (BCE) were given by: 
 
Total Carotenoids (µg/gDW) = (Luein + αC + tβC + cβC )/1000 
Total PVA (µg/gDW) = (αC + tβC + cβC )/1000 
BCE (µg/gDW) = [(αC x 0.5) + tβC + (cβC x 0.5)]/1000 
 
Where; DW = dry weight, αC = α-carotene, tβC = trans-β-carotene, cβC = cis-
β-carotene, and 1000 is the factor to convert from ng to µg. 
All calculations were performed in Microsoft Excel®, and quantitative results 
were expressed on the basis of fruit dry weights in µg/g.  
 
2.5.5 Determination of dry matter content 
Dry matter content (DMC) was determined by freeze-drying triplicate (10-20 
g) samples of fruit pulp processed as described in Section 2.1.2.2 in pre-
weighed petri dishes. Samples were weighed again following the freeze-
drying treatment and the remaining dry matter determined. DMC was 
expressed as a percentage of fresh weight. 
	  
2.5.6 Sample processing for light microscopy  
Fixed LM microscopy samples (Section 2.1.2.3) were transferred to 70% (v/v) 
ethanol and freehand sections (20 – 50 µm) of the specimens were cut using 
sterile double-edged blades. The specimens were cut in petri dishes 
containing 70% (v/v) ethanol and reasonably thin sections were transferred 
onto clean glass slides. A drop of sterile 80% (v/v) glycerol was placed on the 
section and covered using a glass cover slip. Sections were then examined at 
different magnifications under a Nikon Eclipse Ni light microscope (Nikon). 
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2.6 DATA ANALYSIS 
Student t-tests were used to calculate significant differences between 
pair-wise comparisons. Student t-tests, means, and standard error of the 
means (SEM) were calculated using GraphPad Prism ver. 5.04. Significance 
was determined when t-tests returned a P-value ≤ 0.05. 
The relationship between gene expression and carotenoid accumulation 
was determined by Pearson correlation (r) analysis using GraphPad Prism. 
R2 values were considered significant when a two-tailed P-value was ≤ 0.05. 
Graphs were constructed using GraphPad Prism ver. 5.04 
(www.graphpad.com). 
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Chapter 3: Isolation of carotenoid biosynthetic 
genes 
3.1 INTRODUCTION  
Carotenoids comprise a diverse group of multifunctional, taxonomically 
widespread and biotechnologically important pigments. The carotenoid 
content of plants has received much attention due to its antioxidant and pro-
vitamin A potential and thus its importance in both animal and human 
nutrition (Fraser and Bramley, 2004). The carotenoid biosynthetic pathway is 
conserved in higher plants and has been relatively well characterised in 
several species (Moise et al., 2013, Walter and Strack, 2011). The genes 
involved in carotenoid biosynthesis are important determinants of 
transcriptional regulation and have been targeted for genetic manipulation to 
increase carotenoid content of fruits and seeds. A number of papers 
reporting successful genetic modification of staple crops for increased or 
altered carotenoid biosynthesis have been published including the 
engineering of rice (Paine et al., 2005), cassava (Sayre et al., 2011, Welsch et 
al., 2010), potato (Diretto et al., 2006, Diretto et al., 2007), maize (Aluru et al., 
2008) and banana (Waltz, 2014). 
Carotenoids are biosynthesised through a series of enzyme-catalysed 
reaction steps reviewed in Chapter 1 (Section 1.4). Several rate-limiting steps 
in the pathway limit the flux of precursors required for carotenoid 
biosynthesis. For instance, the biosynthesis of Isopentenyl pyrophosphate 
(IPP), the building block of all isoprenoids, is regulated by the first reaction 
of the MEP pathway catalysed by 1-deoxy-D-xylulose-5-phosphate synthase 
(DXS). This has been demonstrated as a rate-limiting step in the carotenoid 
pathway (Cordoba et al., 2011). A second major limitation of precursors 
which occurs at a key branch point in the pathway is due to competition for 
geranyl geranyl diphosphate (GGPP) (Cazzonelli and Pogson, 2010). GGPP is 
the acyclic precursor for the biosynthesis of important hormones such as 
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cytokinins, gibberellins, brassinosteroids, terpenes, tocopherols and 
chlorophyll. A third limitation is the formation of phytoene, catalysed by 
phytoene synthase (PSY). This represents the first committed and rate-
limiting step of the carotenoid biosynthesis pathway and is regarded as a 
major bottleneck in the carbon flux to carotenoids (Rodríguez-Suárez et al., 
2014). In addition to the rate limiting steps, there are a number of key points 
in the pathway that influence the profile of individual carotenoid species that 
accumulate in any given plant. For example, the cyclisation of lycopene 
catalysed by lycopene β-cyclase (LCYB) and lycopene ε-cyclase (LCYE) is a 
branch point that modulates the ratio of the most abundant carotenoid found 
in plants lutein, to the β-carotenoids.  These steps of the pathway represent 
some of the key ways in which carotenoid biosynthesis is regulated and have 
been exploited for genetic modification of important crop plants for 
enhanced carotenoid content.  
Regulation of the carotenoid pathway by these important steps is 
influenced by the existence of multiple gene paralogues resulting from 
duplication during evolution of different species. Gene families play 
important roles in differential carotenoid gene expression in various tissues 
(Paetzold et al., 2010, Cordoba et al., 2011), compartmentalisation of 
carotenoid biosynthesis within the cells (Zhang et al., 2009) and in post-
translational regulation mechanism such as alternative splicing (Rodríguez-
Suárez et al., 2011). The recently released banana (Musa malaccensis) genome 
(D/'Hont et al., 2012), illustrates that the duplication events reported in 
many crops also occurred in banana with putative functional searches 
indicating the existence of carotenoid genes on multiple chromosomes and 
also at multiple locations within chromosomes (http://banana-
genome.cirad.fr/tools.html). 
Differential activities associated with the enzymes encoded by 
carotenoid biosynthesis genes isolated from different plant species or 
cultivars have been exploited for the genetic modification of plants.  For 
example, banana PSY1 and PSY2a genes isolated from the cultivar ‘Asupina’ 
encode PSY enzyme that have both been demonstrated to be more than twice 
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as active as ‘Cavendish’ PSY enzymes, in a heterologous system (Mlalazi et 
al., 2012). The use of ‘Asupina’ PSY1 and PSY2a under the control of 
expansin, aminocyclopropane-1-carboxylate oxidase (ACO) and ubiquitin 
promoters to modify ‘Cavendish’ bananas at QUT has resulted in increased 
β-carotene content (J. Dale, QUT, pers. comm.), indicating that the PSY genes 
are a good target for enhancing the PVA content of bananas. However, over-
expression of PSY has also been demonstrated to have negative effects in 
some systems, for example constitutive expression of PSY in tomatoes 
resulted in dwarfism (Fray et al., 1995). This occurred because GGPP, the PSY 
substrate, was redirected from other critical pathways (Fray et al., 1995). 
Such pleiotropic effects as a result of metabolic engineering are not 
uncommon and highlight the fact that in addition to identifying and 
exploiting enzymes with high activities, it is important to identify regulatory 
mechanisms within biosynthetic pathways to enable successful engineering 
strategies to be developed.   
The aim of this chapter was to isolate putative genes that catalyse 
important steps in the carotenoid biosynthetic pathway in banana. This was 
to enable the expression patterns of these genes to be studied in subsequent 
chapters, to elucidate potential transcriptional control mechanisms with 
respect to the regulation of carotenoid biosynthesis. Furthermore, the gene 
isolations were undertaken to provide additional resources for future 
metabolic engineering strategies in banana biofortification.  
Specifically, the aims were to: 
1) Clone putative carotenoid biosynthesis genes from the high PVA cultivar 
‘Asupina’ including DXS, GGPS and LCYB 
2) Determine the phylogenetic relationship of isolated putative genes with 
other plant paralogues 
3) Determine evolutionary rates of isolated carotenoid genes and other plant 
homologs 
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An emerging ‘Asupina’ bunch (A) and a FG bunch (B). Photos were taken from South 
Johnston Research Station, North Queensland. 
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3.2 RESULTS 
The coding sequences (CDS) and untranslated regions (UTRs) of DXS, GGPS, 
and LCYB genes were isolated using a combination of PCR-based approaches 
including specific PCR, degenerate PCR, RACE and genome walking 
techniques (Chapter 3, Section 2.2). The results are presented for each of the 
three genes detailing the isolation approaches, structural gene and amino 
acid comparisons, phylogenetic relationships and test of evolutionary rates.  
 
3.2.1 Isolation of 1-deoxy-D-xylulose-5-phosphate synthase (DXS) 
Degenerate primers based on DXS gene sequences retrieved from the 
National Centre for Biotechnology Information (NCBI) website 
(http://www.ncbi.nlm.nih.gov) were designed as described in Chapter 2, 
Section 2.3.1 and cDNA template was prepared from ‘Asupina’ FG fruit and 
leaf (Chapter 2, Section 2.2.2). Amplification of DXS using a pair of 
degenerate primers AP1 and AP2, (Appendix III) resulted in no amplification 
from ‘Asupina’ fruit cDNA despite a redesign of the reverse primer (AP3) 
and elaborate optimisation of PCR conditions (Chapter 2, Section 2.3.2).  
In a second attempt, DXS specific primers (AP13 – AP16) were 
designed in conserved regions following alignment of monocot plant DXS 
sequences from the NCBI website (Appendix VI). The specific primers were 
used to conduct 3′ RACE and 5′ RACE as described in Chapter 2, Section 
2.3.3.  Both primer sets amplified products ranging between 400 – 1000 bp. 
The amplified fragments from ‘Asupina’ leaf and fruit pulp cDNA were 
cloned and sequenced as described in Chapter 2, Section 2.4 and Section 2.2.9 
respectively. However, analysis of the fragment sequences using the Basic 
Local Alignment Search Tool (BLAST) via the NCBI website to identify 
nucleotide similarities with sequences deposited in the US National Institutes 
of Health (NIH) genetic sequence database (GenBank), revealed that the 
fragments were not homologous with the DXS gene.  
The third approach was a genome walking (GW) strategy (Chapter 2, 
Section 2.3.4) using ‘Asupina’ gDNA extracted as described in Chapter 2, 
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Section 2.2.4. Seven genome walking libraries were created using 6-bp blunt 
cutting restriction endonucleases after complete restriction digestion as 
described in Chapter 2, Section 2.2.8. Primer AP15 was used as a gene–
specific primer in the second GW reaction which resulted in multiple bands 
from all the seven libraries (Figure 3-1). Bands >500 bp were cloned and 
sequenced and their identities were confirmed through BLAST analysis at 
the NCBI website. A fragment of ~800 bp from the StuI restriction library 
was identified to be a DXS sequence. Additional DXS specific primers (AP19 
- AP22, AP33 - AP37) were designed based on this sequence to walk further 
upstream and downstream of the gene. Five GW steps were performed to 
obtain a 2681 bp DXS sequence.  
 
Figure 3-1 A representative genome walking amplification from seven 
restriction libraries 
The fragment confirmed to be DXS is indicated with the red arrow. M = molecular weight 
marker X, numbers 1 – 7 represent the genome walking libraries in the order EcoRV, StuI, 
PvuII, SspI, SmaI, NaeI and DraI; 8 = unrestricted gDNA control, 9 = negative control. 
Numbers on the left indicate the size of the fragments in bp. The fragments were separated 
in 2% agarose in 1X TAE buffer.  
 
A multiple sequence alignment of the ‘Asupina’ GW consensus 
sequence with sequences with the best matches from the NIH GenBank, as 
identified in the BLAST analyses (Appendix VI), were used to identify 
conserved regions upon which gene specific primers (GSPs) (AP38 – AP41) 
were designed. Specific PCR amplicons from leaf and pulp cDNA as well as 
from gDNA control were cloned and sequenced. Further BLAST analyses 
confirmed amplicons from leaf cDNA and gDNA as DXS partial sequences, 
but ‘Asupina’ pulp cDNA amplicons were not of DXS origin.  
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The ‘Asupina’ leaf cDNA partial sequence (740 bp) was used to design 
cDNA specific primers (AP42 – AP45) to amplify the unknown 5′ and 3′ 
sequences using 5′ RACE and 3′ RACE respectively (Chapter 2, Section 2.3.3). 
A sequence of 1570 bp was obtained from leaf cDNA using RACE. 
Alignment of ‘Asupina’ leaf DXS partial sequence with DXS sequences from 
other plants indicated that the size of DXS gene is about 2100 bp. Therefore, 
additional RACE primers (AP50 – AP53) were designed to extend the leaf 
cDNA sequence in both directions. A final contig length of 2023 bp was 
identified following RACE. The 5′ UTR of the DXS consensus sequence was 
found to be quite short (53 bp), so to ensure the correct start codon was 
isolated, a further 5′RACE was conducted using primers AP57 – AP59, which 
resulted in a final contig length of 2144 bp and a 5’ UTR of 177 bp (Figure 3-
2). A BLAST analysis of the isolated 2144 bp DXS sequence against the Musa 
malaccensis genome via the banana genome database website (http://banana-
genome.cirad.fr/BLAST) showed that this gene has a 99% sequence 
similarity with the banana DXS located on chromosome 5, hence the gene 
was designated DXS5. 
 
In an attempt to amplify a fruit-specific DXS, standard PCR primers 
(AP46 and AP47) were designed to amplify DXS partial sequences from 
‘Asupina’ cDNA from different fruit developmental stages, isolated as 
described in Chapter 2, Section 2.2.2. None of the amplicons at different 
stages of fruit development proved to be DXS after sequence analysis. Only 
leaf cDNA and gDNA control sequences were confirmed to be DXS. 
Additional PCR primers (AP54 and AP55) were designed to amplify the 
entire DXS5 gene plus UTRs. However, no amplification from ‘Asupina’ fruit 
pulp cDNA at selected development stages was proved to be a DXS 
sequence, indicating that the DXS5 paralogue might not be expressed in pulp 
tissue.  
 In a further attempt to identify a fruit-specific DXS paralogue from 
‘Asupina’, a full fruit specific transcriptome (RNAseq) analysis was 
undertaken using an mRNA template prepared from FG ‘Asupina’ fruit pulp 
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as detailed in Chapter 2, Section 2.2.1.2. A total of ~37 million reads from the 
next generation sequencing (NGS) platform were obtained with an average 
length of 117 bp. Sequence data analysis was performed using CLC 
Reference Mapper in the CLC Genomics Workbench platform ver. 6.0.4, 
using default settings. After trimming the sequence adaptors, ~28 million 
reads were mapped to the M. malaccensis reference sequences available from 
the banana genome database website. The expression levels of DXS 
paralogues were estimated using ‘‘reads per kilobase of exon model per 
million mapped reads” (RPKM) (Mortazavi et al., 2008). The DXS paralogue 
located of chromosome 10 was the most highly expressed of the 6 paralogues 
in the banana genome, with an RPKM value of 2.95 corresponding to a total 
of 108 reads mapped (Table 3-1). DXS5 and a DXS paralogue on 
chromosome 3 were detected to be expressed at lower levels in the analysed 
FG sample, with 6 transcripts mapped to DXS5 and 4 transcripts to the 
chromosome 3 paralogue respectively (Table 3-1). Thus, the highly expressed 
DXS paralogue on chromocome 10 was designated DXS10 to differentiate it 
from DXS5. 
 
Table 3-1 Summary of ‘Asupina’ fruit transcriptome mapping onto the 
banana genome reference sequence 
 
 
Primers (AP85 – AP88) specific to the aligned transcripts were 
designed and used to amplify fragments of DXS10 in a standard PCR 
reaction (Chapter 2, Section 2.3.2). Primers AP85 and AP86 successfully 
amplified a 500 bp DXS fragment that was confirmed to be located on 
chromosome 10 after cloning and sequencing. The amplification was 
successful from fruit cDNA of both ‘Asupina’ and ‘Cavendish’, an indication 
of sequence conservation of the gene between the banana cultivars.  
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A partial sequence (~2000 bp) of DXS10 was isolated using RACE by 
applying primers AP89 – AP102, and cDNA template prepared from 
‘Asupina’ pulp mRNA (Chapter 2, Section 2.2.1.2). This sequence matched 
the banana DXS on chromosome 10 with 99% sequence similarity. A set of 
specific PCR primers (AP103 and AP104) was used to amplify the CDS of 
DXS10 from both ‘Asupina’ and ‘Cavendish’ pulp cDNA (Figure 3-2).  
All sequences were assembled using SeqMan II software from 
DNASTAR Suite. The final ′Asupina′ DXS5 GW contig consisted of 43 
sequences joined to a final length of 3457 bp. DXS10 contig consisted of 17 
sequences and a final length of 2017 bp. The consensus sequences were 
annotated as described in Chapter 2, Section 2.2.10.1. 
 
3.2.1.1 Annotation of ‘Asupina’ DXS paralogues 
The DXS coding sequences isolated from ‘Asupina’ (DXS5 and DXS10) were 
subsequently compared. DXS5 had a CDS of 1677 bp with adjoining 5′ and 3′ 
UTR sequences of 177 and 290 bp respectively (Figure 3-2, A). DXS10 
consisted of a longer CDS of 1821 bp and an adjoining 5′ UTR of 196 (Figure 
3-2, B). ‘Asupina’ DXS5 coding region encodes a predicted protein of 559 
amino acids in length with a molecular mass of 59.5 kDa, whereas DXS10 
encodes a predicted protein of 611 amino acids in length with a molecular 
mass of 65.3 kDa. There were massive nucleotide variations between the two 
DXS paralogues which shared only 29% of the coding sequences with 82% 
homology. These two sequences were isolated from different tissues. While 
DXS5 was isolated from the leaf, the same primers and internal primers 
based on DXS5 were not complementary with and could not amplify DXS10, 
which was eventually isolated from the fruit pulp with the aid of RNAseq 
data.  
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Figure 3-2 Schematic diagrams showing coding sequences and untranslated 
regions in ‘Asupina’ DXS paralogues 
The respective nucleotide sequences are included in Appendix VII. 
 
The identities of the isolated DXS paralogues were confirmed through 
nucleotide and protein BLAST analyses at the banana genome and NCBI 
websites, respectively. Nucleotide BLAST queries for both DXS paralogues 
against the banana genome returned multiple DXS locations with variable 
identities. ‘Asupina’ DXS5 was 93% homologous with a DXS paralogue on 
chromosome 5 of M. malaccensis (D/'Hont et al., 2012), whereas DXS10 was 
97% homologous with a DXS located on chromosome 10 of the M. malaccensis 
genome (D/'Hont et al., 2012). At the NCBI website, protein BLAST analysis 
of ‘Asupina’ DXS5 identified an 85% homology with Hevea brasiliensis DXS 
(Seetang-Nun et al., 2008), while ‘Asupina’ DXS10 was identified as having 
an 87% homology with Amomum villosum DXS (Yang et al., 2012).  
 
 
3.2.1.2 Phylogenetic analysis of DXS proteins 
Amino acid sequences of DXS proteins isolated from other plants were 
retrieved from the NCBI website following a protein BLAST search using the 
amino acid sequence encoded by ‘Asupina’ DXS10. The phylogenetic 
relationship of homologous protein sequences were analysed as described in 
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Chapter 2, Section 2.2.10.2. A neighbour joining (NJ) tree was constructed 
with 29 DXS protein sequences from 23 species, including the two ‘Asupina’ 
DXS paralogues.  
Plant DXS proteins clustered into two major groups. Group I included 
the majority of plant DXS proteins with minimal variability within the group 
(Figure 3-3). Group II appeared more diverse with ‘Asupina’ DXS5 clearly 
distinct from other plant DXS proteins. ‘Asupina’ DXS10 grouped with 
monocots including Phoenix dactylifera, Hedychium coronarium, Amomum 
villosum, Alpinia officinarum and Elaeis guineensis. Furthermore, the DXS 
proteins from the same species tended to group together e.g., from Zea mays, 
Solanum lycopersicum, Havea brasiliensis and from Aquilaria sinensis suggesting 
that these are encoded by gene paralogues that were possibly duplicated 
over the evolutionary time span. 
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Figure 3-3 Phylogenetic relationships of DXS from plants based on predicted 
amino acid sequences 
The evolutionary history was inferred using the NJ method (Saitou and Nei, 1987). The 
optimal tree with the sum of branch length = 1.09929743 is shown. The percentage of 
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 
replicates) are shown next to the branches (Felsenstein, 1985). The tree is drawn to scale, 
with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Poisson correction 
method (Zuckerkandl and Pauling, 1965) and are in the units of the number of amino acid 
substitutions per site. The analysis involved 29 amino acid sequences. All positions 
containing gaps and missing data were eliminated. There were a total of 465 amino acid 
residue positions in the final dataset. Evolutionary analyses were conducted in MEGA6 
(Tamura et al., 2013). The cloned DXS sequences are in bold font. The NCBI accession 
numbers of the different species used are listed in Appendix VII. 
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3.2.1.3 Test of DXS evolutionary rate 
A molecular clock test was performed for the DXS tree topology (Figure 3-3) 
with and without the molecular clock constraints as described in Chapter 2, 
Section 2.2.10.2. The null hypothesis of equal evolutionary rate throughout 
the tree was rejected at a 5% significance level (P = 9.7066E-11). The analysis 
involved 29 amino acid sequences retrieved from the NCBI website, and all 
gap positions and missing data were removed leaving a total of 465 amino 
acid residue positions in the final dataset.  
Similarly, the equality of evolutionary rate between ‘Asupina’ DXS10 
and DXS5 with A. villosum DXS (ACR02668.1) as an outgroup was tested as 
described Chapter 2, Section 2.2.10.2. The χ2 test statistic was 55.69 (P = 0.0000 
with 1 degree of freedom). The P-value of less than 0.05 was used to reject the 
null hypothesis of equal evolutionary rates between ‘Asupina’ DXS5 and 
DXS10. All gap positions and missing data were eliminated leaving a total of 
467 amino acid residue positions in the final dataset. These tests indicated 
differential evolutionary rates of the DXS paralogues both between plant 
species and in banana. 
A comparison of amino acid sequences of ‘Asupina’ DXS proteins and 
those of other plants was made as described in Chapter 2, Section 2.2.10.2. 
Two highly conserved regions were revealed. The first was  a thiamine 
diphosphate (TPP) binding site (Xiang et al., 2007) corresponding to the 
residues at positions 201 – 232 in ‘Asupina’ DXS10 and 57 - 88 in ‘Asupina’ 
DXS5 (Figure 3-4). Secondly, was a cluster of amino acids known to be 
important for the structure and function of transketolases (a transketolase 
motif) (Cordoba et al., 2011) was also present in both ‘Asupina’ DXS10 and 
‘Asupina’ DXS5, corresponding to the residues at positions 482 – 517 and 338 
– 373, respectively (Figure 3-4). Despite the variations, the N-terminal ends of 
all plant DXS proteins (except ‘Asupina’ DXS5) contained a common 
chloroplast transit peptide (cTP) sequence feature, which is consistent with 
subcellular location of the MEP pathway in plants. 
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Figure 3-4 Alignment of DXS sequences from different organisms 
The alignment was performed with MUSCLE (Edgar, 2004). Dashes indicate alignment gaps. 
Conserved amino acid residues in the alignment have a black background, while similar 
amino acids have grey background. The regions corresponding to the putative chloroplast 
transit peptide, thiamine diphosphate (TPP) binding site and the transketolase motif are 
underlined. NCBI accession numbers of the aligned sequences are given in Appendix VIII. 
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3.2.2 Isolation of geranyl geranyl diphosphate synthase (GGPS) 
Initial attempts to amplify GGPS partial sequences using degenerate primers 
AP6 and AP7, based on GGPS gene sequences retrieved from the NCBI 
website and designed as described in Chapter 2, Section 2.3.1, failed to 
produce any amplification from either ‘Asupina’ or ‘Cavendish’ cDNA 
(prepared from fruit pulp as detailed in Section 2.2.2) or a gDNA control 
from ‘Asupina’. A specific set of primers (AP8 - AP12) were designed in 
conserved regions following multiple sequence alignments of GGPS 
sequences retrieved from the NIH GenBank via the NCBI website (Appendix 
VI). Primers AP8 and AP9 produced a strong amplification of a 700 bp 
fragment from both FG fruit pulp and leaf cDNA preparations from 
‘Asupina’. The fragment was confirmed as a GGPS partial sequence and 
RACE was applied as described in Chapter 2, Section 2.3.3 using primers 
AP10 – AP12. A longer 5’ end of the gene was amplified using primer AP11 
as the GSP during genome walking Chapter 2, Section 2.3.3. Genome walking 
libraries were generated by StuI and NaeI restriction endonucleases as 
described in Chapter 2, Section 2.2.8, each produced ~700 bp GGPS 
sequences. Primer set AP23 and AP24 was used to amplify the GGPS CDS 
plus adjoining UTR sequences in a gene specific PCR (Chapter 2, Section 
2.3.2). All sequences were assembled using SeqMan II software from 
DNASTAR Suite. The final ‘Asupina’ contig consisted of 62 sequences joined 
to a final length of 1198 bp. The consensus sequences were annotated as 
described in Chapter 2, Section 2.2.10.1. 
 
3.2.2.1 Annotation of GGPS genes 
Two full-length sequences of GGPS were isolated using cDNA 
templates prepared from mRNA purified from ‘Asupina’ and ‘Cavendish’ 
fruit pulp tissues. The CDS of the ‘Asupina’ GGPS was 669 bp long and the 
adjoining UTR sequences were 132 and 371 bp at the 5′ and 3′ ends 
respectively (Figure 3-5, A).  In ‘Cavendish’ GGPS CDS was longer by 145 
extra nucleotides and the adjoining UTR sequences were 8 and 187 bp at the 
 86 Chapter 3: Isolation of carotenoid biosynthetic genes 
5′ and 3′ ends respectively (Figure 3-5, B).  Most of the sequences in the 
‘Asupina’ and ‘Cavendish’ GGPS genes were highly conserved. The two 
genes shared a 96.6% homology (85% coverage) with each other in the coding 
regions. The nucleotide sequence for ‘Asupina’ GGPS encodes a predicted 
protein of 223 amino acids in length with a molecular mass of 23.4 kDa. 
‘Cavendish’ GGPS encodes a predicted protein of 271 amino acids with a 
molecular mass of 28.9 kDa. 
 
Figure 3-5 Schematic diagrams showing coding sequences and untranslated 
regions in ‘Asupina’ and ‘Cavendish’ GGPS genes.  
The respective nucleotide sequences are included in Appendix VII. 
 
Nucleotide and protein BLAST searches were performed at the 
banana genome (D/'Hont et al., 2012), and NCBI websites respectively, to 
confirm the identities of the isolated GGPS sequences. A nucleotide BLAST 
search of the 1172 bp ‘Asupina’ GGPS CDS against the M. malaccensis genome 
identified a 99.6% homology with a M. malaccensis GGPS homologue located 
on chromosome 1. Similarly, ‘Cavendish’ GGPS was 99.6% homologous with 
the M. malaccensis GGPS located on chromosome 1. There were other GGPS 
matches at various locations within the M. malaccensis genome but with 
lower sequence coverage and homology including on chromosome 4, 6 and 
9. At the protein level ‘Asupina’ GGPS was 81% homologous with a 
predicted ‘Date palm’ (Phoenix dactylifera) LCYB7 (XP_008778574.1) and 73% 
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homologous with Arabidopsis LCY1 (Mayer et al., 1999). ‘Cavendish’ GGPS 
showed slightly higher identity with the ‘Date palm’ (83%) gene and slightly 
lower (70%) homology with Arabidopsis GGPS1. 
 
3.2.2.2 Phylogenetic analysis of GGPS from crop plants 
Phylogenetic analysis of the predicted protein sequences encoded by 
the isolated banana GGPS genes and additional plant GGPS protein 
sequences retrieved from NCBI website was undertaken as described in 
Chapter 2, Section 2.2.10.2. The GGPS protein sequences clustered into two 
groups with the major group consisting of GGPS proteins from several plant 
species, and a second smaller group consisting of only four taxa including Z. 
mays, P. dactylifera, and banana (‘Asupina’ and ‘Cavendish’)(Figure 3-6).  
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Figure 3-6 Phylogenetic relationships of GGPS from plants based on 
predicted amino acid sequences  
The evolutionary history was inferred using the NJ method (Saitou and Nei, 1987). The 
optimal tree with the sum of branch length = 1.83072101 is shown. The percentage of 
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 
replicates) are shown next to the branches (Felsenstein, 1985). The tree is drawn to scale, 
with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Poisson correction 
method (Zuckerkandl and Pauling, 1965) and are in the units of the number of amino acid 
substitutions per site. The analysis involved 27 amino acid sequences. All positions 
containing gaps and missing data were eliminated. There were a total of 261 amino acid 
residue positions in the final dataset. Evolutionary analyses were conducted in MEGA6 
(Tamura et al., 2013). The cloned GGPS sequences are in bold font. The NCBI accession 
numbers of the different species used are listed in Appendix VII. 
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3.2.2.3 Test of GGPS evolutionary rate 
A molecular clock test was performed as described in Chapter 2, Section 
2.2.10.2. On applying the global molecular clock test as described in Chapter 
2, Section 2.2.10.2, the null hypothesis of equal evolutionary rates throughout 
the GGPS tree (Figure 3-6) was rejected at a 5% significance level (P = 0.0000). 
The analysis involved 27 protein sequences retrieved from the NCBI website, 
and all the gaps and missing data were eliminated. A total of 261 residue 
positions in the dataset were used in the analysis.  
The equality of evolutionary rate between ‘Asupina’ and ‘Cavendish’, 
with P. dactylifera_GGPS7 (XP_008778574.1) outgroup was tested as 
described in Chapter 2, Section 2.2.10.2. The Chi-square (χ2) test statistic was 
2.67 (P = 0.10247 with 1 degree of freedom). The P-value was greater than 
0.05 and hence the null hypothesis of equal evolutionary rates between 
‘Asupina’ and ‘Cavendish’ GGPS was accepted. This analysis involved three 
protein sequences and all gap positions and missing data were eliminated. A 
total of 267 amino acid residue positions in the final dataset were analysed. 
A comparison of predicted amino acid sequences was conducted as 
described in Chapter 2, Section 2.2.10.2. Highly conserved regions between 
‘Asupina’, ‘Cavendish’ and other plant GGPS proteins were revealed. This 
included the first Asp-rich region (FARM, DDxxxxD and the second Asp-rich 
region (SARM, DDxxxD) in domains II and VI respectively (Figure 3-7) 
(Kuntz et al., 1992, Kai et al., 2010). The overall similarity and the presence of 
all the motifs strongly suggest that the GGPS genes isolated from both 
‘Asupina’ and ‘Cavendish’ encode functional prenyltransferases. 
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Figure 3-7 Alignment of ‘Asupina’ GGPS with other plant GGPS proteins  
The alignment was performed with MUSCLE (Edgar, 2004) using default settings. Dashes 
indicate alignment gaps. Conserved amino acid residues in the alignment have a black 
background, while similar amino acids have grey background. The seven highly conserved 
domains are underlined, including two Asp-rich motifs for substrate binding (domains II 
and VI). All conserved amino acid residues in the alignment have a black background, while 
similar amino acids have grey background. NCBI accession numbers of the aligned 
sequences are listed in Appendix VIII. 
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3.2.3 Isolation of lycopene beta-cyclase (LCYB) 
Degenerate primers AP4 and AP5 based on LCYB gene sequences retrieved 
from the NCBI website were designed as described in Chapter 2, Section 
2.3.1 and cDNA template was prepared from mRNA extracted from 
‘Asupina’ and ‘Cavendish’ FG fruit pulp (Chapter 2, Section 2.2.2). 
Degenerate primers were used to amplify LCYB partial sequences (~700 bp) 
as described in Chapter 2, Section 2.3.2. Primers AP25 – AP28 were used to 
isolate unknown regions using 5′ and 3′ RACE as described in Chapter 2, 
Section 2.3.3. The full gene sequences were subsequently cloned and 
sequenced as described in Chapter 2, Section 2.4 and Section 2.2.9 
respectively. Primers AP29 and AP30 were used to amplify the open reading 
frame (ORF) including adjoining UTR sequences in a gene specific PCR as 
described Chapter 2, Section 2.3.2. Primers AP31 and AP32 were used as 
internal sequencing primers to obtain the complete LCYB gene from 
‘Asupina’ cDNA (Figure 3-8, A). Primers AP25 and AP32 were used to 
amplify ‘Cavendish’ LCYB partial cDNA sequences from mRNA purified 
from the fruit pulp (Figure 3-8, B). All sequences were assembled using 
SeqMan II software from DNASTAR Suite. The final ‘Asupina’ LCYB contig 
assembly consisted of 78 sequences integrated to a final size of 2002 bp. The 
consensus sequences were annotated as described in Chapter 2, Section 
2.2.10.1. 
 
3.2.3.1 Annotation of LCYB genes 
The coding region of ‘Asupina’ LCYB cDNA was 1515 bp long and the 
adjoining UTR sequences were 306 and 143 bp at the 5′ and 3′ ends 
respectively (Figure 3-8, A). In ‘Cavendish’ the LCYB coding region amplified 
was 1414 bp with adjoining 219 bp at the 5′ end. A short (~100 bp) region at 
the 3′ end of ‘Cavendish’ LCYB gene could not be isolated in multiple repeat 
attempts. This was not pursued further because of the time constrains of the 
project and because it was not deemed critical as this region does not encode 
the functional domains required for LCYB activity (discussed in section 
 92 Chapter 3: Isolation of carotenoid biosynthetic genes 
3.2.3.2), and because ‘Cavendish’ genes are unlikely to be good targets for 
biofortification purposes; thus the full gene isolation was not as essential as 
that of ‘Asupina’ (Figure 3-8, B). Structural annotation revealed a strong 
sequence homology between ‘Asupina’ and ‘Cavendish’ LCYB. The two 
genes shared 97.1% sequence homology between them with 100% sequence 
coverage, indicating strong sequence conservation between ‘Asupina’ and 
‘Cavendish’ LCYB genes. 
 
 
Figure 3-8 Schematic diagrams showing coding sequences and untranslated 
regions in LCYB  
Panel (A) represents ′’Asupina’′ and (B) ‘Cavendish’ LCYB. The respective nucleotide 
sequences are included in Appendix VII. 
 
The nucleotide sequence of the isolated ‘Asupina’ LCYB CDS encodes 
a predicted protein of 504 amino acids in length with a molecular mass of 57 
kDa. The partial ‘Cavendish’ LCYB CDS encodes a predicted protein of 471 
amino acids with a molecular weight of 53.3 kDa. Nucleotide and protein 
BLAST searches were performed at the banana genome (D/'Hont et al., 
2012), and NCBI websites, respectively, to confirm the identities of the 
isolated LCYB sequences.  
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In a BLAST analysis against the M. malaccensis genome, ‘Asupina’ 
LCYB was 97% homologous with the M. malaccensis LCYB1 located on 
chromosome 9 (query coverage 79%). ‘Cavendish’ LCYB was more 
homologous, matching 100% to the M. malaccensis LCYB1 located on 
chromosome 1 (query coverage 87%). There were no other LCYB locations in 
the M. malaccensis genome matching the isolated genes other than on 
chromosomes 1 and 9. At the protein level, both ‘Asupina’ and ‘Cavendish’ 
LCYB were 86% homologous with the predicted ‘Date palm’ (Phoenix 
dactylifera) LCYB (XP_008811265.1) and 82% homologous with Vitis vinifera 
LCYB2 (Young et al., 2012).  
 
3.2.3.2 Phylogenetic analysis of LCYB proteins from crop plants 
Phylogenetic analysis of the predicted proteins encoded by the 
isolated banana LCYB genes and additional plant LCYB protein sequences 
retrieved from NCBI website was undertaken as described in Chapter 2, 
Section 2.2.10.2. The analysis identified two distinct groups. Group I 
consisted of the majority of plant LCYBs which were heavily conserved 
between the different species (Figure 3-9). Group II, to which ‘Asupina’ and 
‘Cavendish’ clustered, contained only few species including Narcissus Tazetta, 
Narcissus pseudonarcissus, Phoenix dactylifera and the myxobacterium 
Stigmatella aurantiaca (Figure 3-9). This analysis demonstrated that there is a 
high conservation of amino acid sequences in LCYB enzymes across plant 
species, but that there are a small group which includes the banana enzymes, 
that are less conserved.  
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Figure 3-9 Phylogenetic relationships of LCYB from different species based 
on predicted amino acid sequences  
The evolutionary history was inferred using the NJ method (Saitou and Nei, 1987). The 
optimal tree with the sum of branch length = 1.35580798 is shown. The percentage of 
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 
replicates) are shown next to the branches (Felsenstein, 1985). The tree is drawn to scale, 
with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Poisson correction 
method (Zuckerkandl and Pauling, 1965) and are in the units of the number of amino acid 
substitutions per site. The analysis involved 24 amino acid sequences. All positions 
containing gaps and missing data were eliminated. There were a total of 434 amino acid 
residue positions in the final dataset. Evolutionary analyses were conducted in MEGA6 
(Tamura et al., 2013). The cloned GGPS sequences are in bold font. The NCBI accession 
numbers of the different species used are listed in Appendix VII. 
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3.2.3.3 Test of evolutionary rate 
A molecular clock test was performed as described in Chapter 2, Section 
2.2.10.2. The analysis used 24 LCYB amino acid sequences from different 
species, retrieved from the NCBI website. All gap positions and missing data 
were removed. A total of 434 positions were used in the test. The null 
hypothesis of equal evolutionary rate throughout the LCYB tree (Figure 3-9) 
was rejected at a 5% significance level (P = 0.000), indicating that LCYB 
proteins in different species analysed evolve at significantly different rates. 
The evolutionary rate between ‘Asupina’ and ‘Cavendish’ LCYB was 
also estimated as described in Chapter 2, Section 2.2.10.2, with P. dactylifera 
LCYB (XP 008811265.1) as an outgroup. The analysis involved 3 amino acid 
sequences and gap positions and missing data were removed leaving a total 
of 448 amino acid residue positions in the final dataset. The χ2 test statistic 
was 0.0000 (P = 1.0000 with 1 degree of freedom). Since the P-value was 
greater than 0.05, the null hypothesis of equal evolutionary rates between 
‘Asupina’ and ‘Cavendish’ LCYB was accepted.  
Finally, a comparison of predicted amino acid sequences was 
undertaken as described in Chapter 2, Section 2.2.10.2. LCYB motifs such as 
cyclase motifs I and II (CMI and CMII), a LCY specific motif, conserved 
LCYB motif and LCYB catalytic activity domain (CAD) regions were present 
(Figure 3-10). These motifs are essential domains for β-cyclase activity 
(Bouvier et al., 1997, Araya-garay et al., 2011). ‘Asupina’ and ‘Cavendish’ 
LCYB had perfect matches over the essential domains indicating that they 
both encode functional LCYB enzymes. 
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Figure 3-10 Alignment of ‘Asupina’ LCYB with other plant LCYB proteins 
The alignment was performed with MUSCLE (Edgar, 2004) using default settings. Dashes 
indicate alignment gaps. Conserved amino acid residues in the alignment have a black 
background, while similar amino acids have grey background. Numbers on the right denote 
the number of amino acid residues. All conserved amino acid residues in the alignment have 
a black background, while similar amino acids have grey background. Characteristic regions 
of plant LCYBs are indicated below the sequence blocks: Dinucleotide binding site, plant 
specific LCY motif, cyclase motifs (CM) I and II, charged region and LCYB motif domains. 
Domains essential for LCYB activity are shown as LCYB CAD (Catalytic Activity Domain). 
NCBI accession numbers of the aligned sequences are listed in Appendix VIII. 
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3.3 DISCUSSION 
3.3.1 1-deoxy-D-xylulose-5-phosphate synthase gene isolation 
The enzyme 1-deoxy-D-xylulose-5-phosphate synthase (DXS) catalyses the 
first committed biosynthetic step of the 2-C-methyl-D-erythritol-4-phosphate 
(MEP) isoprenoid pathway in plants. The MEP pathway is involved in the 
synthesis of the common plastidic precursors IPP and DMAPP (Vranová et 
al., 2013). In this study, PCR amplification of DXS from ‘Asupina’ cDNA 
using degenerate primers designed from monocot DXS nucleotide sequences 
was unsuccessful. The factors most likely to be responsible for the failed 
amplifications include a lack of DXS expression in the FG tissue used as the 
template source, or a lack of primer annealing sites.  Genome walking (GW) 
using gene-specific primers (GSP) designed in conserved regions of known 
DXS genes resulted in the amplification of DXS sequences from ‘Asupina’ 
gDNA. Subsequently primers based on the GW consensus were then 
designed and DXS5 was successfully PCR amplified from ‘Asupina’ leaf 
cDNA. No amplification of DXS5 from FG fruit cDNA was achieved. 
However, DXS10 was eventually isolated from fruit tissue based on based on 
transcriptome (RNAseq) analysis. The transcriptome data identified 108 
DXS10 transcripts at the FG stage of ‘Asupina’ but only 6 DXS5 transcripts 
(Table 3-1). These results reflect the two important features of many 
carotenoid biosynthetic genes: tissue-specificity or preferential expression 
and the occurrence of gene paralogues. In H. brasiliensis, two DXS genes were 
also found to be differentially expressed in various tissues, particularly, 
DXS1 was not expressed in the latex tissue where DXS2 expression was 
predominant (Seetang-Nun et al., 2008). Similar results were also observed in 
maize, where DXS1 and DXS2 transcripts accumulated at different rates 
during development and in response to external signals such as light 
(Cordoba et al., 2011). From such examples and the data obtained in this 
study it is reasonable to conclude that the difficulty in isolating DXS from 
‘Asupina’ fruit could have been due to minimal expression in the fruit at the 
FG stage.  Notably, data from only a single fruit sample of ‘Asupina’ cultivar 
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was generated in the RNAseq analysis. This was because the analysis was 
undertaken to test the power and output of the Next Generation Sequencing 
platform used. However, use of the platform could not be pursued due to 
cost restraints. Thus this data was utilised only as a guide for gene isolations, 
where deemed necessary. 
 The two isolated ‘Asupina’ DXS genes (DXS5 and DXS10) mapped to 
genes on different chromosomes of the M. malaccensis genome and the coding 
sequences were extensively different from each other. Although the sequence 
homology was 82% between the two genes, the alignment covered only 29% 
of the DXS5 sequences which represents a substantial variation between the 
paralogues. The presence of gene paralogues in carotenoid metabolic systems 
is a common phenomenon which often reflects the need for 
compartmentalisation of enzymatic activities in different subcellular 
locations, for example within the plastids or cytosol (Enfissi et al., 2005). A 
phylogenetic relationship between the ‘Asupina’ DXS paralogues and other 
plant DXSs was shown in Figure 3-3. There were two major groups of DXS 
genes. Both ‘Asupina’ DXS paralogues clustered in group II, which was 
further subdivided into several smaller but distinct sub-groups. The 
subdivision of group II reflects a higher variability in this group and a long 
evolutionary time of separation from group I. Although it was closer to 
group II DXS genes, ‘Asupina’ DXS5 appears to be distantly related to the 
entire DXS family. Seetang-Nun and others (2008), isolated two DXS 
paralogues (DXS1 and DXS2) from the leaves and latex of H. brasiliensis 
which corresponded to Class I and to Class II DXS categories respectively. 
Class I DXS genes perform housekeeping functions whereas Class II 
paralogues contribute to isoprenoid biosynthesis. A third group of DXS 
genes (Class III) has been identified but they do not encode functional DXS 
proteins (Saladié et al., 2014). In this study a global test of evolutionary rates 
showed that all plant DXS genes evolve at significantly different rates (P = 
9.7066E-11), including ‘Asupina’ DXS paralogues (P = 0.0000). Despite the 
different rates of evolution, the plant DXS proteins contained highly 
conserved functional motifs such as a TPP binding site, transketolase motifs 
 Chapter 3: Isolation of carotenoid biosynthetic genes 99 
and a chloroplast transit peptide at the N-terminal end (Figure 3-4). Sequence 
analysis has previously indicated that the class III paralogues are the most 
divergent members of the family, and their chloroplast transit peptide 
sequences are not conserved (Cordoba et al., 2011). Based on the likely 
plastidial localisation of DXS10 (extrapolated from the presence of a 
chloroplast transit peptide (cTP) feature within its predicted protein) and 
also its phylogeny, ‘Asupina’ DXS10 appears to be a Class II type of DXS. 
This suggests that it is important for plastidial isoprenoid biosynthesis. DXS5 
appears to be a class III type of DXS. Functional characterisation of the 
isolated ‘Asupina’ DXS paralogues could provide crucial clues to the roles 
they play in regulating the flux of metabolites required for the biosynthesis 
IPP and DMAPP, thus subsequent isoprenoids. Unlike DXS5, the isolation of 
DXS10 was achieved from fruit pulp, thus the determination of its expression 
levels, and correlation in expression with carotenoid accumulation at 
different stages of fruit development will be explored in the subsequent 
chapter. This will provide an initial indication of its potential involvement in 
regulating carotenoid biosynthesis in this nutritionally important tissue.  
 
3.3.2 Geranyl geranyl diphosphate synthase gene isolation 
Geranyl geranyl diphosphate (GGPP) is the acyclic precursor for the 
biosynthesis of gibberellins, carotenoids, chlorophylls, isoprenoid quinones 
and geranylated proteins in plants. The successful amplification of GGPS 
from ‘Asupina’ and ‘Cavendish’ FG fruits using a set of primers designed in 
conserved monocot GGPS sequences was achieved due to a high level of 
DNA sequence conservation in this gene. Indeed, sequence comparisons of 
‘Asupina’ and ‘Cavendish’ GGPS showed that the two genes share a 96.6% 
homology. However, ‘Cavendish’ GGPS was longer than ‘Asupina’ GGPS by 
145 nucleotides. Both GGPS sequences mapped with high homology (99.6%) 
to the GGPS located on chromosome 1 of the M. malaccensis genome 
(D/'Hont et al., 2012).  
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GGPS enzymes are encoded by a multigene family consisting of five 
isozymes of GGP synthases which are differentially expressed in many 
organs at various subcellular levels and have distinctive biological roles in 
the chloroplast, endosplasmic reticulum (ER) and mitochondria (Okada et al., 
2000). Despite lower homology levels, nucleotide sequence BLAST analyses 
of the GGPS genes isolated in this study against the M. malaccensis genome 
also matched GGPS paralogues on chromosomes 4, 6 and 9.  A phylogenetic 
analysis using predicted amino acid sequences of the isolated ‘Asupina’ and 
‘Cavendish’ GGPS proteins and other plant GGPS proteins revealed the 
existence of two groups. Group I consisted of the majority of plant GGPSs 
and showed less variability within the group. Group II contained only 4 taxa, 
including the two isolated GGPSs, and appeared highly diverse based on the 
branch lengths and bootstrap values (Figure 3-6). It was noteworthy that the 
banana GGPS enzymes were evidently different from other members of the 
group suggesting a long divergent evolutionary timeline from other species. 
The distinction between the ‘Asupina’ and ‘Cavendish’ GGPS enzymes, 
supported by a strong bootstrap value as well as different branch lengths, is 
an indication that the two protein homologues harbour a sizable amino acid 
variations accumulated over time, which in effect could influence their 
catalytic roles as enzymes for carotenoid biosynthesis, this is despite high 
conservation at the nucleotide level. The results of global molecular clock 
testing showed differential evolutionary rates between plant GGPS proteins. 
Interestingly though, it showed that ‘Asupina’ and ‘Cavendish’ GGPS 
proteins evolve at equal rates.  
Deduced amino acid comparisons of group II sequences (Figure 3-6) 
showed the presence of seven conserved regions in the predicted ‘Asupina’ 
and ‘Cavendish’ GGPS proteins (Figure 3-7) as have been described for 
prenyltransferases (Chen et al., 1994, Wang and Ohnuma, 1999). The 
aspartate-rich motifs found in domains II and V are proposed to be 
diphosphate-binding sites important for the catalytic activity of GGPS (Chen 
et al., 1994, Wang and Ohnuma, 1999). Both ‘Asupina’ and ‘Cavendish’ GGPS 
sequences also contained the ‘DDLPCMD’ FARM motif which is 
 Chapter 3: Isolation of carotenoid biosynthetic genes 101 
characteristic of plant and eubacteria GGP synthases. Similar functional 
domains were also described for Citrus creticus GGPS (Pateraki and Kanellis, 
2008), Salvia miltiorrhiza GGPS (Kai et al., 2010), and Jatropha curcas GGPS 
(Juan Lin, 2010). The presence of these functional motifs in the predicted 
proteins suggests that the isolated ‘Asupina’ and ‘Cavendish’ GGPS CDS 
sequences likely encode functional GGPS enzymes. The expression levels of 
the isolated GGPS genes at different stages of fruit development will be 
undertaken in the subsequent chapter and correlated with carotenoid 
accumulation patterns to investigate its involvement in regulating carotenoid 
biosynthesis in banana fruits. 
 
3.3.3 Lycopene beta-cyclase gene isolation 
Cyclisation of lycopene represents a branch in the carotenoid biosynthesis 
pathway leading to carotenoids with either the β or ε-ionone rings (Moise et 
al., 2013). Two competing lycopene cyclases (LCYE and LCYB) catalyse this 
step to produce α- and β -carotenes, respectively (Chapter 1, Figure 1-9). 
Variations in the expression patterns of LCYB and LCYE  significantly affects 
the composition of individual carotenoid species (Rodríguez-Concepción, 
2010). An increase in LCYB expression, for instance, channels lycopene 
toward the production of β-carotene (Moreno et al., 2013).  In this study, 
LCYB was successfully amplified from cDNA prepared from ‘Asupina’ and 
‘Cavendish’ FG fruit using degenerate primers, unlike DXS and GGPS which 
failed, implying LCYB genes are better conserved.  
 Nucleotide sequence comparisons showed that ‘Asupina’ and 
‘Cavendish’ LCYB genes are highly homologous. Despite the strong sequence 
homology between ‘Asupina’ and ‘Cavendish’ LCYB, they each mapped to 
separate chromosomes of the M. malaccensis genome (D/'Hont et al., 2012). 
‘Asupina’ LCYB mapped to LCYB1 located on chromosome 9 with 97% 
sequence homology. ‘Cavendish’ LCYB was 100% homologous to the M. 
malaccensis LCYB located on chromosome 1.  
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Phylogenetic analysis of predicted amino acid sequences of ‘Asupina’ 
and ‘Cavendish’ LCYB proteins with known and putative LCYB sequences 
obtained from the NCBI website, grouped the banana LCYB proteins with 
other chromoplast-specific lycopene cyclases in a smaller and a more diverse 
group II (Figure 3-9). Group I consisted of the majority of plant lycopene 
cyclases and was more highly conserved than group II. Myxobacterium 
Stigmatella aurantiaca LCYB clustered in group II with the banana LCYB 
enzymes suggesting that group II is more ancestral to group I (Jarvis and 
López-Juez, 2013). Molecular clock tests revealed differential evolutionary 
rates between the two groups; although, ‘Asupina’ and ‘Cavendish’ LCYB 
were found to evolve at equal rates (Section 3.2.3.3), which complements the 
high LCYB sequence homology between the two genotypes. Similarly, 
predicted amino acid alignments revealed conservation of essential domains 
for β-cyclase activity such as a CMI, CMII, LCY specific motif, LCYB motif 
and LCYB catalytic activity domain (CAD) (Figure 3-10).  In citrus fruits, 
LCYB1 and LCYB2 have been isolated and characterised (Alquézar et al., 
2009). The conserved motifs observed in ‘Asupina’ and ‘Cavendish’ LCYB 
were also found in citrus LCYB enzymes (Alquézar et al., 2009). Functional 
characterisation of citrus LCYB enzymes showed that expression of the  
LCYB1 was relatively constant through fruit development whereas the 
LCYB2 was chromoplast-specific with a marked induction in both peel and 
pulp of orange fruits in parallel to accumulation of β,β- xanthophylls 
(Alquézar et al., 2009). In the M. malaccensis genome, LCYB paralogues are 
located on chromosomes 1 and 9 (D/'Hont et al., 2012). Despite strong 
sequences similarities, the mapping of the isolated pulp LCYB isolated from 
fruit pulp of ‘Asupina’ and ‘Cavendish’ to different M. malaccensis 
paralogues raises the possibility that the genes encode enzymes with 
differing activity levels, expression patterns, or sub-cellular localisations, as 
was observed with the citrus LCYB paralogues. This will be explored to an 
extent in the following chapter by quantifying the different carotenoid 
species downstream of the cyclisation branch in the carotenoid pathway, and 
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investigating potential correlations between these and the expression of the 
isolated LCYB genes in developing banana fruits.   
 
3.3.4 Conclusion 
The regulation of carotenoid biosynthesis is a complex process due to a 
number of metabolic branch points in the pathway and many enzyme-
catalysed reaction steps. This complexity is further exacerbated by the 
existence of several metabolic genes in diverse paralogous forms with 
variable tissue and subcellular localisations. The variable number of gene 
paralogues reported in numerous species signifies that different plants have 
evolved specialised carotenoid biosynthetic systems that warrant individual 
investigations particularly in nutritional and economically important crops. 
This chapter reported for the first time, the isolation and molecular analysis 
of three banana carotenoid-related biosynthesis genes (DXS, GGPS and 
LCYB), each of which catalyse critical points in isoprenoid biosynthesis. This 
will enable the expression patterns of these genes to be studied in the 
subsequent chapter alongside previously isolated banana genes, to elucidate 
potential transcriptional control mechanisms with respect to the regulation of 
carotenoid biosynthesis in banana fruit. These genes could also provide a 
valuable resource for future metabolic engineering strategies in banana 
biofortification. 
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Chapter 4: Transcriptional regulation of 
carotenoid accumulation during 
banana fruit development 
4.1  INTRODUCTION 
The pivotal role of carotenoids in human health and nutrition combined with 
high market demands has triggered extensive research into recombinant 
carotenoid production in microbes and plants (Farré et al., 2010), which has 
in turn spurred research into understanding the carotenoid biosynthetic 
pathway and the regulatory mechanisms that control it.  However, a detailed 
understanding regarding the regulation of the carotenoid biosynthetic 
pathway is still limited for a number of systems, including banana. 
 Different carotenoid patterns are found in different plant species, and 
the mechanisms underlying those patterns have been investigated in a 
number of instances. For example, lycopene is the predominant carotenoid in 
ripe tomatoes, and its levels have been associated with increasing mRNA 
levels of PSY1 and PDS (Giuliano et al., 1993) and decreasing levels of LCYB 
and LCYE (Ronen et al., 1999). Also, the orange petals of the orchid ‘Gower 
Sunkist’ accumulate β-carotene due to low expression levels of β-
Hydroxylase (HYB) and Zeaxanthin epoxidase (ZEP) (Chiou et al., 2010). 
Different carotenoid compositions and levels also underlie colour differences 
between cultivars. For example, ‘Redhaven’ peaches are yellow-fleshed in 
contrast to their white-fleshed mutant (‘Redhaven’ Bianca), which is 
associated with CCD4 activity in the latter (Adami et al., 2013, Brandi et al., 
2011). In banana there are a wide array of cultivars with varying 
pigmentation, such as the yellow-fleshed ‘Asupina’ and the white/cream-
fleshed ‘Cavendish’. However, the mechanisms underlying these 
pigmentation variations have been little studied and are thus, poorly 
understood.  
At Queensland University of Technology (QUT), the Grand Challenges 
on Global Health (GCGH) project funded by the Bill and Melinda Gates 
Foundation has pioneered a banana biofortification programme which has 
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generated transgenic banana lines with high BCEs levels of up to 73 µg/g 
DW (J. Dale, QUT, pers. comm.). The transgenic approach used to develop 
these bananas involved the overexpression of PSY genes under the control of 
different promoters. However, strong overexpression of PSY has in some 
instances had negative effects on the target host because GGPP, the PSY 
substrate, is a precursor for many other critical biosynthetic pathways. For 
example, constitutive expression of a fruit specific PSY in transgenic 
tomatoes caused dwarfism by redirecting metabolites from the gibberellin 
pathway  (Fray et al., 1995). In fact, metabolic engineering in general can 
impose a cost on plant growth and fitness as a result of perturbations in the 
metabolic flux within natural metabolic pathways during development due 
to the redirection or reduced supply of precursors (Fraser et al., 2007, 
Aharoni et al., 2003, Mahmoud and Croteau, 2001, Besumbes et al., 2004, 
Kristensen et al., 2005). Therefore, understanding the flux of compounds 
within metabolic pathways and the contributing roles of different enzymes to 
product accumulation is critical for successful metabolic engineering 
strategies. In banana, information regarding the contribution that early 
pathway enzymes such as DXS and GGPS make to carotenoid accumulation 
could make a significant contribution to understanding the mechanisms 
underlying the regulation of carotenoid biosynthesis. Additionally, a study 
of LCYB, the enzyme that is responsible for the conversion of lycopene to β-
carotene and is also involved in conversion of lycopene to α-carotene, could 
provide a better understanding of the mechanisms managing the balance 
between various carotenoid species. Thus this chapter aimed to study the 
expression patterns of selected carotenoid pathway-related genes throughout 
banana fruit development, and to integrate expression data with the 
accumulation patterns of different carotenoids. 
Gene expression can be quantified using reverse transcription 
quantitative real-time PCR (RT-qPCR), which is a powerful method to detect 
and quantify gene transcription levels due to its sensitivity, specificity, 
reproducibility and accuracy (Nolan et al., 2006). However, several factors 
ranging from RNA quality, stability and quantity, RT efficiencies to PCR 
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reactions can affect the reliability of assay results. The precision of RT-qPCR 
data can be improved through effective normalisation of transcript levels 
under a given experimental condition (Han et al., 2012, Borges et al., 2012, 
Manoli et al., 2012, Rodríguez-Suárez et al., 2014, Chen et al., 2011, Podevin 
et al., 2012). Normalisation requires the identification of appropriate 
endogenous ‘housekeeping’ genes that are stably expressed in the respective 
tissues of the host being studied. Such genes have not previously been 
identified for fruit development in either ‘Asupina’ or ‘Cavendish’. This will 
also be addressed in this chapter. 
The aim of this chapter was to study the expression and accumulation 
patterns of carotenoids and specific biosynthetic genes contributing to 
carotenoid accumulation, respectively, during fruit development in the high 
PVA banana cultivar ‘Asupina’ and the low PVA cultivar ‘Cavendish’.  
Specifically, the objectives were to: 
1. Determine the amount of carotenoids at different stages of fruit 
development in ‘Asupina’ and ‘Cavendish’ 
2. Determine the expression patterns of selected carotenoid pathway-related 
genes (DXS10, GGPS, PSY1, PSY2a and LCYB) at different stages of fruit 
development in ‘Asupina’ and ‘Cavendish’  
3. Identify correlations  between  the expression of selected carotenoid genes 
and total carotenoid accumulation levels in ‘Asupina’ or ‘Cavendish’ 
Two null hypotheses were tested: 
a) There is no difference in the amount of carotenoids accumulated in 
‘Asupina’ and ‘Cavendish’ during fruit development 
b) There is no association between the expression of selected carotenoid 
pathway-related genes and total carotenoid levels in ‘Asupina’ or 
‘Cavendish’ 
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4.2 RESULTS   
4.2.1 Comparison of methanol and acetone-based carotenoid extraction 
protocols 
The amount of freeze dried ‘Cavendish’ and ‘Asupina’ pulp tissues used for 
carotenoid extraction was initially optimised to achieve a colourless residue 
after three solvent extractions using both acetone- and chloroform-based 
carotenoid extraction methods, as detailed in a (Chapter 2, Section 2.5.1). 200 
mg samples of ‘Cavendish’ pulp tissues produced colourless pellets 
following both chloroform- and acetone-based carotenoid extractions. 
Subsequently, 200 mg samples of freeze dried ‘Cavendish’ pulp were used 
for carotenoid extractions. Both 200 and 150 mg samples of freeze dried 
‘Asupina’ pulp remained coloured light yellow following both solvent 
extraction methods, indicating incomplete extraction of carotenoids. The 
colour of chloroform-extracted pellet was more intense than those extracted 
with acetone, thus smaller samples were tested to ensure complete extraction 
of carotenoids from the tissues. For the acetone method, 50 and 100 mg 
samples of freeze dried material were used, whereas for the chloroform 
method, 20 mg and 50 mg samples were used. Extractions were analysed by 
HPLC-PDA as described in Chapter 2, Section 2.5.2. 
There was no significant variation (P = 0.2501) in the recovery of 
carotenoids from different quantities of full green (FG) fruits using either 
extraction method (Figure 4-1). For FR fruit samples, the use of more material 
(100 mg) resulted in reduced recovery using the acetone extraction method 
relative to the smaller (50 mg) tissue sample (Figure 4-1, A). Conversely, less 
starting material (20 mg) resulted in reduced recovery in the chloroform-
based extraction procedure relative to the larger (50 mg) tissue sample 
(Figure 4-1, B). Thus all subsequent carotenoid extractions from ‘Asupina’ 
were performed using 50 mg of samples of freeze-dried fruit regardless of 
the extraction method used. There was little difference between the amount 
of carotenoids extracted using either solvent method, although recovery 
appeared slightly higher with the acetone method (Figure 4-1). Subsequently 
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the acetone method was selected for all further carotenoid extractions 
performed in this chapter. 
 
Figure 4-1 Optimization of starting material and selection of a solvent 
extraction method for carotenoid extractions 
Freeze-dried green fruit (S24) and ripened S24 fruit (FR) samples weighing 50 mg and 100 
mg were used for carotenoid extraction using an acetone-based method (A), whereas 20 and 
50 mg of the same materials were used for carotenoid extraction following a chloroform-
based protocol (B). Extractions were performed in triplicate followed by HPLC-PDA 
quantification. Values represent means of triplicate samples ± SEM. 
 
4.2.2  Fruit phenotypes and selection of development stages for 
carotenoid analysis 
 Fruits were collected as described in Chapter 2, Section 2.1.2.2 at 3 weekly 
intervals  for both ‘Asupina’ and ‘Cavendish’ starting at 3 weeks  post bunch 
emergence (stage 3: S3) until a full ripe (FR) stage (Figure 4-2). ‘Asupina’ had 
a longer fruit cycle taking 27 weeks from bunch emergence to reach the 
mature FG stage of fruit development, prior to the FR stage (10 sample 
points). ‘Cavendish’ fruits reached the FG stage by 12 weeks followed by FR 
(5 sample points) (Figure 4-2). Although the fruit metadata were not 
collected, ‘Asupina’ fruits were generally shorter, straight and had larger 
girths compared to ‘Cavendish’ which were longer, curved and had smaller 
girths (Figure 4-2). A notable difference was observed in the phenotypes of 
later fruit development stages between the two cultivars when the pulp and 
peel of FR ‘Asupina’ was deep orange in appearance whereas the 
‘Cavendish’ phenotype was yellow (Figure 4-2). 
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Figure 4-2 Phenotypic changes during ‘Asupina’ and ‘Cavendish’ fruit 
development and ripening 
Representative photographs showing external and internal fruit phenotype of ‘Asupina’ and 
‘Cavendish’ at different stages of development and ripening. The grid squares are 30 x 30 
mm.  
 
All 5 sample points in ‘Cavendish’ fruit development (S3-FR) were 
included in subsequent analyses. However, due to the time constraints of this 
project, the number of sample points used for analysis of ‘Asupina’ fruits 
needed to be slightly reduced. To select sample points that could be 
justifiable removed from subsequent analyses, carotenoids were extracted 
from a single biological replicate of freeze dried ‘Asupina’ pulp collected at 
all stages of fruit development from week 3 (S3) up to and including FR. 
Extracts were analysed by HPLC-PDA as described in Chapter 2, Section 
2.5.2 and are illustrated in Figure 4-3. ‘Asupina’ showed no noticeable 
variation in carotenoid accumulation until FG stage (Figure 4-3). Based on 
this carotenoid profile, the earliest stages of fruit development (S3 - S6) were 
omitted for subsequent biological replicates of ‘Asupina’, reducing the 
sample points from a total of 10 to 8.  
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Figure 4-3 Profile of carotenoid accumulation through ‘Asupina’ fruit cycle 
Carotenoids were quantified using HPLC-PDA analysis for triplicate samples at all stages of 
fruit development. Total carotenoids, total PVA carotenoids and β-carotene-equivalents are 
represented by mean averages ± SEM.  
 
4.2.3 Comparative carotenoid accumulation profiles in ‘Asupina’ and 
‘Cavendish’ 
Three plants were used as biological replicates of each of the cultivars and 
three fruits were sampled at each stage to represent the top, middle and 
bottom parts of the bunch.  Four carotenoid species were quantified by 
HPLC-PDA as detailed in Chapter 2: Section 2.5.2. The carotenoid species 
identified in both cultivars included lutein, α-carotene, trans-β-carotene and 
cis-β-carotene (Table 4-1). Total carotenoids, total PVA carotenoids and β-
carotene equivalents (BCE) were also calculated (Figure 4-4).   
Generally, ‘Asupina’ accumulated higher amounts of each carotenoid 
than ‘Cavendish’ at every stage of fruit development (Table 4-1 and Figure 4-
4). However, dramatic differences were observed in the late development 
stages (S24 – FG and FG – FR) due to a sudden spike in ɑ- and trans-β 
carotene, ranging from 34 - 61 and 109 – 181 µg/g DW, in FG and FR tissues 
respectively (Table 4-1). This was 6 – 13 and 64 – 86-fold higher than the 
levels observed for ɑ- and trans-β carotene in FG and FR ‘Cavendish’, 
respectively. Notably, this correlated with the phenotypes with deep orange 
pulp colour observed at the FG and FR stages of ‘Asupina’ fruit 
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development, (Figure 4-2). Conversely, a notable similarity between the 2 
cultivars was in amounts of lutein at the FG and FR stages (Table 4-1). 
 
Table 4-1 Accumulation of carotenoids species in ‘Asupina’ and ‘Cavendish’ 
during different stages of fruit development 
Three biological samples were each analysed in triplicate at each stage of fruit development. 
Values represent averages ± SEM. 
 
 
In general, low amounts of total carotenoids were observed in both 
cultivars at early stages of fruit development, although these were 
consistently higher in ‘Asupina’. As the fruits matured, there were 
remarkable differences in the magnitude of carotenoid accumulation with 
total carotenoids levels in ‘Asupina’ increasing over 30-fold from S9 – FR 
stage.  ‘Cavendish’ accumulated total carotenoids more gradually with just 
over a 4.2 – fold increase from S3 – FR stage (Figure 4-4). Much of the 
increases in ‘Asupina’ total carotenoids were observed during the later stages 
of fruit development with a sudden increase observed between the stages 
S24 and FG, followed by a further approximate doubling of carotenoid 
amounts between FG and FR stages (Figure 4-4, A). The changes in 
carotenoid accumulation in different stages of ‘Cavendish’ were relatively 
more gradual (Figure 4-4, B). Total carotenoids (which includes lutein), was 
18.8 times higher at FR stage in ‘Asupina’ than in ‘Cavendish’, whereas total 
PVA carotenoids (which does not include lutein) were 36.2 times higher in 
‘Asupina’ at the FR stage. Hence, the first null hypothesis of equal carotenoid 
accumulation in ‘Asupina’ and ‘Cavendish’ was rejected since ‘Asupina’ 
accumulated far higher amounts of total carotenoids than ‘Cavendish’ fruits 
during development. 
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Figure 4-4 Accumulation of carotenoids in ‘Asupina’ and ‘Cavendish’ fruits 
A comparison of carotenoid accumulation profiles in ‘Asupina’ (A) and ‘Cavendish’ (B) at 
different stages of fruit development up to ripening. Each cultivar was represented by three 
plants at each stage of development and each plant was analysed in triplicate. Mean values ± 
SEM are shown. 
 
The percentage composition of the different carotenoids analysed 
varied between the two cultivars. Lutein was the most predominant at the 
early stages of ‘Asupina’ fruit development up to S21, after which trans-β-
carotene became the major carotenoid comprising of up to 70.6% of the total 
carotenoids at FR stage (Table 4-2). Similarly, the proportion of lutein in 
‘Cavendish’ was highest in the early stages of fruit development, peaking at 
S6 (71%). Unlike in ‘Asupina’, lutein remained the predominant carotenoid 
throughout ‘Cavendish’ fruit development. Thus, ‘Asupina’ accumulates 
predominantly trans-β-carotene whereas ‘Cavendish’ accumulates lutein and 
ɑ-carotene in high proportions (Table 4-2).  
 
 
 
 
 
 
 
 
 
 Chapter 4: Transcriptional regulation of carotenoid accumulation during banana fruit development 113 
Table 4-2 Percentage composition of different carotenoids observed in 
‘Asupina’ and ‘Cavendish’ at different stages of fruit development.  
Values are expressed as a percentage of total carotenoids from 3 biological replicates 
analysed in triplicate ± SEM.  
 
 
The level of carotenoids species observed in fruits from different 
biological replicates of ‘Cavendish’ varied little in total amounts or 
percentage compositions (Appendix IV). Conversely, the transition of FG to 
FR stage was accompanied by a 57% increase in total carotenoids in the first 
biological replicate of ‘Asupina’ compared to those observed in the second 
and third replicates which both recorded about a 25% increase in total 
carotenoids during ripening (Table 4-3). However, no notable difference was 
observed between the percentage compositions of each carotenoid species in 
the different biological replicates at the FG and FR stage (Table 4-3).  
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Table 4-3 contribution of individual carotenoids to total carotenoids in three 
biological replicates of ‘Asupina’ during fruit development 
Each biological replicate was analysed in triplicate at each stage of fruit development. Values 
represent mean averages ± SEM. Compositions of accumulative carotenoids expressed as a 
percentage of total carotenoids at each stage of development are shown in parenthesis. 
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4.2.4 Validation of reference genes 
The availability and stable expression of reference genes for normalisation of 
RT-qPCR data is a prerequisite for obtaining reliable results. In this section, 
eight candidate genes were assessed for expression stability across different 
stages of fruit development in ‘Asupina’ and ‘Cavendish’ to determine their 
suitability for use as reference genes for RT-qPCR analysis. The candidate 
genes included cyclophilin (CYP), clathrin adaptor complexes medium (CAC), 
actin (ACT), DnaJ-like protein (DNAJ), GTP-binding nuclear protein (RAN), 
ubiquitin 2 (UBQ2), ribosomal protein S 2 (RPS2) and ribosomal protein S 4 
(RPS4). 
Initially end-point PCR was used to screen each candidate reference 
gene for expression stability across different stages of fruit development in 
‘Asupina’ and ‘Cavendish’ using gene specific primers (Chapter 2, Section 
2.3). Total RNA was extracted from fruits of each cultivar representing each 
developmental stage selected for RT-qPCR analysis, as described in Chapter 
2, Section 2.2.1. RNA extracts were reverse transcribed into cDNA as 
described in Chapter 2, Section 2.2.3. Complementary DNA preparations 
were subsequently used for end point PCR analysis as described in Chapter 
2, Section 2.3.2. Resulting PCR products were analysed by gel electrophoresis 
as described in Chapter 2, Section 2.2.6 and as illustrated in Figure 4-5. PCR 
amplification products for CAC, Actin1 and DNAJ were only detected in 
‘Cavendish’ fruits thus were discontinued from further assessment (Figure 4-
5 C, G and H). PCR amplification of RAN produced clear products only for 
‘Asupina’ fruits, thus was also discontinued from further assessment (Figure 
4-5, E). Four gene specific primer sets designed to target RPS4, UBQ2, RPS2 
and CYP (Appendix III) amplified discrete PCR products for both cultivars 
(Figure 4-5 A, B, D and F). Consequentially, RPS4, UBQ2, RPS2 and CYP 
were selected for further analysis. 
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Figure 4-5 Assessment of candidate reference genes using PCR 
Standard Go-Taq PCR was used to screen the reference gene based on optimal primer 
annealing condition for each primer set. A = RPS4, B = UBQ2, C = CAC, D = RPS2, E = RAN, 
F = CYP, G = ACT, H = DNAJ; M = molecular weight marker; N = negative control. 
 
Identities of the PCR amplicons for RPS4, UBQ2, RPS2 and CYP were 
confirmed by cloning and sequencing of the products as described in 
Chapter 2, Sections 2.4 and 2.2.9 respectively. The sequence identities were 
verified as being gene specific using the BLAST programme for DNA 
sequence similarity, via the National Centre for Biotechnology (NCBI) 
website (www.ncbi.nlm.nih.gov). The specificities of each primer set were 
assessed in RT-qPCR reactions as described in Chapter 2, Section 2.3.6.1, 
using a cDNA template from selected stages of ‘Asupina’ and ‘Cavendish’, 
fruit development, prepared as described above (Chapter 2, Section 2.2.3). 
Gene specific RT-qPCR amplifications were confirmed by the presence of 
single peaks in product melt curves obtained after 40 cycles of amplification 
(Figure 4-6). A single amplification product was verified for RPS2, UBQ2 and 
RPS4. Two different melt curves were observed for CYP indicating multiple 
amplification products. This was found to be due to cultivar specific 
products. The lower peaked melt curve corresponds to a ‘Cavendish’ specific 
product whereas the higher peaked melt curve was exclusive to ‘Asupina’. 
The melt curve difference was likely the result of five base pair deletions, one 
transition and one transversion in ‘Cavendish’ within sequence of the real-
time PCR target region (Appendix V). The PCR amplification efficiencies of 
the four reference genes ranged from 93 – 100%. 
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Figure 4-6 Product melt curves of selected reference gene candidates 
 
The expression stability of the four potential reference genes was 
evaluated using statistical algorithms geNorm and NormFinder 
(Vandesompele et al., 2002), as described in Chapter 2, Section 2.3.6.1. The 
average expression stability (M) value was calculated using geNorm. The (M) 
value is based on the average pairwise expression ratios between all tested 
genes. The program performs a stepwise exclusion of the least stable genes 
and ranks the genes based on their M values. The cut-off M value for a stable 
gene is 1.5 and a lower M value indicates more stable gene expression. Of the 
four references genes tested, CYP and UBQ2 were ranked the most stable 
genes, both had an M value of 1.189 (Figure 4-7, A). RPS4 was the least stable 
of the genes tested followed by RPS2. The optimal number of reference genes 
necessary for accurate normalization (Vn/Vn+1) was determined in geNorm 
as 2, and it was confirmed that the addition of more reference genes to CYP 
and UBQ2 would have no significant effect on the normalization factor (V2/3 
= 0.000., V3/4 = 0.000). A value of 0.15 is the cut off, below which the 
inclusion of additional reference gene is not required (Vandesompele et al., 
2002). 
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Figure 4-7 Ranking of expression stability of banana candidate reference 
genes 
 
The results from the geNorm analysis were validated by a NormFinder 
analysis which incorporates the intra- and intergroup (‘Asupina’ vs 
‘Cavendish’) variations for the normalization factor calculations and ranks 
the best possible gene within a set for stability under the experimental 
conditions. Since genes with the lowest NormFinder stability values 
represent the most stable gene expression, this analysis was in agreement 
with the geNorm analysis in ranking CYP and UBQ2 as the most stable genes 
at different stages of fruit development (Figure 4-7, B).  
 
4.2.5 Quantification of gene expression 
Five fruit developmental stages were selected to represent key points in the 
carotenoid accumulation profile during ‘Asupina’ fruit cycle: S9 and S15 
represented the period of stable and low carotenoid levels, S24 represented 
the critical period for initiation of carotenoid accumulation, FG and FR 
represented stages of exponential carotenoid accumulation in the fruit 
(Figure 4-4). All the five stages of ‘Cavendish’ fruit development sampled 
were used for gene expression analysis. As for carotenoid analysis three 
plants were used as biological replicates of each of the cultivars and three 
fruits were sampled at each stage to represent the top, middle and bottom 
parts of the bunch. The three fruits from each stage per plant were pooled in 
equal proportions and used to isolate total RNA for cDNA template 
synthesis (Chapter 2, Section 2.4).  
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cDNA preparations were used to quantify the expression of five 
carotenoid genes including DXS10, GGPS, LCYB (isolated in Chapter 3), 
PSY1 and PSY2a (Mlalazi et al., 2012) using gene specific RT-qPCR reactions 
as described in Chapter 2, Section 2.3.6. Amounts of transcripts at different 
stages of fruit development were normalized using the validated CYP and 
UBQ2 reference genes (Section 4.2.4). The mean expression was calculated for 
each cultivar at each developmental stage. There were variations in the 
Figure 4-8), and the correlations of these variations with carotenoid 
accumulation and the significance of expression variability between 
‘Asupina’ and ‘Cavendish’ were statistically tested as described below.  
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Figure 4-8 Comparison of 
carotenoid accumulation 
with the expression levels 
of five carotenoid 
pathway-related genes at 
different stages of fruit 
development in ‘Asupina’ 
and ‘Cavendish’ 
The top line graphs represent 
the profiles of total carotenoids 
at different stages of fruit 
development in ‘Asupina’ (A) 
and ‘Cavendish’ (B). Inset in 
(B) is the graph for total 
carotenoid accumulation in 
‘Cavendish’ with adjusted 
scale. 
The bar graphs represent gene 
expression levels in ‘Asupina’ 
(C, E, G, I and K) compared 
with respective gene 
expressions in ‘Cavendish’ (D, 
F, H, J and L). Three biological 
replicates of each cultivar were 
analysed in triplicate and the 
mean averages ± SEM are 
shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To investigate 
whether the differences in carotenoid accumulation were associated with the 
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expression of selected biosynthetic genes in ‘Asupina’ and ‘Cavendish’, 
Pearson correlation analyses were conducted for each gene studied relative 
to total carotenoids. The correlation between carotenoid biosynthetic gene 
expression levels and total carotenoids in either ‘Asupina’ or ‘Cavendish’ 
were not significant (P > 0.05, Table 4-4). Only GGPS was positively (but not 
significantly, correlated with total carotenoids, and was so in both ‘Asupina’ 
(r = 0.607, P = 0.278) and in ‘Cavendish’ (r = 0.629, P = 0.255). LCYB 
expression was positive but not significantly correlated with total 
carotenoids in ‘Cavendish’ (r = 0.578, P = 0.307). All other correlations were 
negative, with significant negative correlations for PSY2a in ‘Asupina’ (r = 
−0.921, P = 0.026), PSY1 in ‘Cavendish’ (r = −0.966, P = 0.001) and for DXS10 
in ‘Cavendish’ (r = −0.917, P = 0.028) (Table 4-4).  
 
Table 4-4 Correlation of selected gene expression patterns with patterns of 
total carotenoid accumulation in ‘Asupina’ and ‘Cavendish’ 
Pearson correlation and statistical significance (P < 0.05) for the comparison of relative 
transcript levels and total carotenoids in ‘Asupina’ and ‘Cavendish’ was conducted using 
GraphPad Prism Ver. 5.02 to test the statistical significance of the relationships. Significant 
correlations are shown in bold. 
 
ns = not significant 
* = significant at P < 0.05 
** = significant at P < 0.01 
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Based on these findings the second null hypothesis of no association 
between carotenoid gene expression and total carotenoids was accepted in 
‘Asupina’ for the expression of DXS10, GGPS, PSY1 and LCYB. Similarly, the 
null hypothesis was accepted in ‘Cavendish’ for the expression of GGPS, 
PSY2a and LCYB where gene expressions had no significant (P > 0.05) 
correlations with total carotenoid accumulation (Table 4-4). However, the 
null hypothesis was rejected in ‘Asupina’ for the expression of PSY2a and in 
‘Cavendish’ for the expression of DXS10 and PSY1 due to significant (P < 
0.05) negative correlations with total carotenoid accumulation (Table 4-4). 
Correlation analysis was also undertaken for individual carotenoid 
accumulation patterns relative to the expression patterns of each of the 
selected carotenoid pathway-related biosynthetic genes, these results are 
displayed in Table 4-5. There was a strong positive correlation between 
lutein accumulation and PSY2a expression in ‘Asupina’. A significant 
positive correlation (0.899, P = 0.038) was also observed in ‘Cavendish’ for α-
carotene accumulation and GGPS expression. PSY2a had significant negative 
correlations with α-carotene in both cultivars. Additionally, trans-β-carotene 
accumulation was strongly negatively correlated with PSY2a in ‘Asupina’ 
(−0.926, P = 0.024) and with PSY1 in ‘Cavendish’ (−0.922, P = 0.026). The 
correlation between cis-β-carotene accumulation and the expression of all the 
selected genes were not significant (P > 0.05, Table 4-5). 
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Table 4-5 Correlation of selected gene expression patterns with patterns in 
accumulation of individual carotenoids species 
Pearson correlation and statistical significance (P < 0.05) for the comparison of relative 
transcript levels and total carotenoids in ‘Asupina’ and ‘Cavendish’ was conducted using 
GraphPad Prism Ver. 5.02 to test the statistical significance of the relationships. Significant 
correlations are shown in bold. 
 
ns = not significant 
* = significant at P < 0.05 
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4.3 DISCUSSION 
This Chapter addressed the role of transcriptional regulation in the 
carotenogenesis of banana fruits at different stages of development. The aim 
was to study the relationship between selected gene expression profiles and 
carotenoid accumulation patterns during fruit development. To achieve this, 
carotenoids were quantified at different stages of fruit development in 
‘Asupina’ and ‘Cavendish’ and transcript levels of five carotenoid pathway-
related genes were determined at selected stages of fruit development, 
correlations between these data were then investigated to identify possible 
relationships.  
 
4.3.1 Optimisation of carotenoid extraction protocols 
In order to achieve complete extraction of carotenoids from ‘Asupina’ pulp 
matrix, the amount of starting material was first optimised using acetone- 
and chloroform-based extraction protocols. It was established that 50 mg of 
freeze dried fruit was the optimal amount for efficient extraction of 
carotenoids from ‘Asupina’ using either methods, which represents only a 
quarter of the established starting material for ‘Cavendish’. This could be due 
to the higher levels of carotenoids in ‘Asupina’, resulting in a higher solvent 
to tissue sample ratio requirement for complete metabolite extraction. 
Alternatively, it could be due to possible differences in matrix texture 
between the two cultivars, resulting from differential starch–protein 
cohesions or due to differences in intra-cellular localisation of carotenoid 
storage structures that might pose physical barriers (Jeffery et al., 2012).  
 
4.3.2 Comparative analysis of banana carotenoids 
‘Asupina’ fruits accumulated far higher levels of total carotenoids than 
‘Cavendish’. The major carotenoid species responsible for the difference was 
β-carotene which was up to 86-fold higher in FR ‘Asupina’ fruit.  Much of 
this was accumulated at the later (FG-FR) stages in ‘Asupina’, in earlier 
stages (pre-FG) the differences in total carotenoids were less pronounced. At 
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the FR stage ‘Asupina’ fruit was deep orange in appearance whereas 
‘Cavendish’ fruit was light yellow. The yellow to orange colouration of 
flowers and fruits is known to be associated with substantial carotenoid 
accumulation (Cazzonelli, 2011). However, the regulatory mechanisms 
leading to these differences in carotenoid accumulation can vary. Assessing 
different potential regulatory mechanisms leading to this disparity in 
pigmentation between banana fruits was the underlying aim of this project. 
 The composition of the different carotenoids analysed varied between 
the two cultivars. Lutein was the most predominant at the early stages of 
‘Asupina’ fruit development up to S21, after which trans-β-carotene became 
the major carotenoid comprising of up to 70.6% of the total carotenoids at the 
FR stage. Unlike in ‘Asupina’, lutein remained the predominant carotenoid 
throughout ‘Cavendish’ fruit development. This suggests that the α-branch 
of the carotenoid biosynthetic pathway leading to the synthesis of α-carotene 
and lutein is favoured in ‘Asupina’ at early stages of fruit development, after 
which a regulatory change occurs resulting in the β-branch of the pathway 
being favoured, and consequentially a change in the predominant carotenoid 
species from lutein to β-carotene.  
Conversely, in ‘Cavendish’, the α-branch in the carotenoid 
biosynthetic pathway appears favoured throughout development; hence 
lutein remained the predominant carotenoid. The α/β biosynthetic branch 
point is catalysed by the enzymes lycopene β-and ε-cyclases (LCYB and 
LCYE), and is well established as a key regulatory branching point in the 
pathway affecting the accumulation of respective downstream products 
(Howitt and Pogson, 2006, Moise et al., 2013). An alternative explanation 
could be that carotenoid products biosynthesised via the β-branch pathway 
in ‘Cavendish’ are enzymatically degraded following their synthesis, 
preventing accumulation. For example, in Arabidopsis, inactivation of a gene 
encoding carotenoid cleavage enzyme (CCD4) resulted in increased β-
carotene accumulation in seeds and senescing leaves by 8.4- and 2.5-fold 
respectively (Gonzalez-Jorge et al., 2013). Similar effects have been observed 
to occur naturally in peach where white-fleshed fruits are associated with 
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increased CCD4 expression (Brandi et al., 2011), and also in chrysanthemum 
flowers (Yoshioka et al., 2012, Ohmiya, 2013).  
 
4.3.3 Variation in carotenoid accumulation 
In this study, each cultivar was represented by three biological replicates. For 
‘Cavendish’ all three plants were collected from the same fruiting season and 
they showed no outstanding differences. In ‘Asupina’, the first replicate had 
a lower amount of total carotenoids at the FG stage compared to the latter 
two replicates (Table 4-3). A further difference was observed following 
ripening upon which the first replicate accumulated 1.5-fold more total 
carotenoids than the average of the second and third replicates (Figure 4-3). 
The higher amount of total carotenoids in replicates II and III at FG stage 
(upon harvest) could be due to a longer exposure to periods of higher solar 
energy than replicate I. This hypothesis is supported by data subsequently 
obtained from the Australian Bureau of Meteorology with respect to the 
specific location where the banana plants were grown (Figure 4-10). 
 
 
Figure 4-10 Solar exposure data during the sampling periods for ‘Asupina’ 
samples in 2012 
Data for South Johnstone Experimental Station obtained from the Australian Bureau of 
meteorology at http://www.bom.gov.au/climate/data/index.shtml. The daily global solar 
exposure is measured as the total solar energy for a given day falling on a horizontal surface. 
It is measured from midnight to midnight.  
 
Developmental signals often act in concert with environmental cues to 
regulate carotenogeneis. For example, light exposure enhances carotenoid 
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biosynthesis during leaf and flower development and during fruit ripening 
(Pizarro and Stange, 2009). Light control of carotenogenesis appears to be 
regulated, predominantly, at the transcriptional level (Cazzonelli and 
Pogson, 2010). Enhanced expression levels of carotenoid genes due to light 
exposure have been reported for tomato leaves (Giuliano et al., 1993), pepper 
leaves (Keyhaninejad et al., 2012), Oncidium Gower Ramsey flowers (Lee et 
al., 2013) and carrot roots (Fuentes et al., 2012). Components of the light 
signalling pathway are now beginning to be revealed. Toledo-Ortiz (2010) 
found that the transcription factor, phytochrome-interacting factor 1 (PIF1), 
amongst other transcription factors of the phytochrome-interacting factor 
family (PIF), down-regulate the accumulation of carotenoids, by repressing 
the PSY gene, which encodes the main rate-determining enzyme in the 
carotenoid biosynthetic pathway. Both in vitro and in vivo evidence, 
demonstrated that PIF1 directly binds to the promoter of the PSY gene, 
resulting in the repression of PSY expression. Light-triggered degradation of 
PIFs, after interaction with photoactivated phytochromes during de-
etiolation, resulted in a rapid de-repression of PSY gene expression, and 
concurrent increase in carotenoid production. This was coordinated with 
chlorophyll biosynthesis and chloroplast development, thus providing an 
optimal transition to photosynthetic metabolism (Toledo-Ortiz et al., 2010). 
Incident light variation under field conditions has also been 
demonstrated to significantly affect the productivity of tropical plants such 
as banana (Israeli et al., 1996). Besides cloudiness, canopy shade in respect to 
fruit bunch location can substantially affect fruit light exposure. Similarly in 
a study by Tuan et al., (2012) light-exposed outer leaves of cabbages 
contained 30-fold higher carotenoid amounts compared to the inner and 
middle leaves, interestingly though this was without significant differences 
in carotenogenic gene expression levels. Similar results were also observed in 
pepper leaves (Simkin et al., 2003). Thus, the higher levels of carotenoid in 
the FG stage of Rep II and III plants could also be a result of more exposure 
to ambient light than in Rep I.  
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A similar light effect could also account in part for the higher levels of 
carotenoids in ‘Asupina’ plants relative to ‘Cavendish’. Fe‛i bananas such as 
‘Asupina’ are characterised by erect bunches, possibly mediated by auxins, 
which gain more light exposure during fruit development. Unlike ‘Asupina’, 
‘Cavendish’ bunches quickly point downwards due to its own weight, 
continued peduncle growth and geotropic effects (Robinson and Sauco, 
2010), which results in more shade over the bunches. It is also possible that 
the differences in carotenoid levels observed between ‘Asupina’ and 
‘Cavendish’ could be effected by a longer fruit cycle time in ‘Asupina’. 
‘Asupina’ fruits take up to 27 weeks to reach FG stage, while ‘Cavendish’ 
fruits take just 12 weeks to reach the same physiological maturity. Thus 
‘Asupina’ fruits are both exposed to light for a much longer period of time 
than ‘Cavendish’ and also have a longer period to physically accumulate 
carotenoids. Similarly, the East African highland banana cultivar, 
‘Mpologoma’ which accumulates moderate levels of carotenoids (~30 and 
~10 µg/g DW of total carotenoids and β-carotene respectively), takes 15 
weeks to reach FG stage (R. Mbabazi, pers. comm.). It should be noted though, 
that whilst light mediated regulation, cycle time and bunch structure could 
account for higher carotenoid contents in Fe’i-type bananas in general, and 
cause slight variations between biological replicates, they are unlikely to 
have a profound effect on the final carotenoid content of ‘Asupina’ or 
‘Cavendish’ fruits. This can be assumed as much of the carotenoid 
accumulation consistently occurred in the final three stages of fruit 
development in both cultivars, suggesting a tighter form of regulation 
underpinning this general accumulation pattern. 
The first FR replicate of ‘Asupina’ could have accumulated higher 
amounts of carotenoids then the latter FR replicates due to two extra days 
given during the ripening process which was reduced in the subsequent 
replicates to minimise over softening of the pulp tissue.  Increases in total 
carotenoid accumulation during ripening is a well-established phenomenon 
and has been reported in many other fruits, including watermelon (Grassi et 
al., 2013), squash (Nakkanong et al., 2012), pepper (Rodriguez-Uribe et al., 
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2012), persimmon (Zhao et al., 2011) and tomato (Fraser et al., 1994). 
However, the underlying mechanisms that relate ripening to carotenoid 
increases vary. For example, the bright colours of fruits, flowers, roots and 
tubers are associated with accumulation of large amounts of carotenoids in 
chromoplasts. Chromoplasts can be derived from chloroplasts (Egea et al., 
2011), proplastids (Schweiggert et al., 2011a), or from amyloplasts (Horner et 
al., 2007). However, factors that regulate the differentiation of chromoplasts 
from other plastid types remain unclear, but is thought to involve a nucleus-
plastid dialog based on environmental and developmental cues (Egea et al., 
2010). Regardless of the regulatory mechanism underlying the control of 
carotenogenesis during fruit development in banana, it is possible that the 
extended period of ripening given to the first replicate could account for the 
extra 1.5 fold extra increase in total carotenoids observed relative to the latter 
replicates.  
 
4.3.4 Gene expression analysis 
4.3.4.1 Validation of reference genes 
qRT-PCR is one of the most accurate and sensitive methods for analysis of 
gene expression in a broad range of samples (Nolan et al., 2006).  However, 
the accuracy of qRT-PCR is dependent on the stability of reference gene (s) 
used for normalisation. The use of multiple stably expressed internal 
reference genes  is highly recommended (Vandesompele et al., 2002). In this 
study, reference genes which are stably expressed in both ‘Asupina’ and 
‘Cavendish’ at various stages of fruit development were identified. The 
expression stability and appropriate number of reference genes required for 
qRT-PCR analysis during fruit development in both cultivars were assessed 
using statistical algorithms geNorm and NormFinder. Out of the eight 
candidate reference genes tested, CYP and UBQ2 were the most stably 
expressed in both ‘Asupina’ and ‘Cavendish’ at various fruit development 
stages. The other 6 candidate references genes including RPS4, RPS2, CAC, 
RAN, ACT, DNAJ were disproved by statistical tests.  
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One of the key challenges in this study was to identify a set internal 
reference genes that are stably expressed in two banana cultivars at various 
stages of fruit development. In related studies, Podevin et al (2012) validated 
six reference genes for normalisation of leaf expression data from six 
cultivars, including ‘Cavendish’, but not ‘Asupina’. The plants were grown 
under in vitro and greenhouse conditions and the most stably expressed 
reference gene combination was found to be Elongation Factor 1 (EFT1), β-
tubulin (TUB) and ACT. Whereas, Chen et al (2011) reported RAN and RPS2 
as the most stably expressed in the pulp of ‘Cavendish’ at different stages of 
fruit development including at 3, 6, 8 and 12 weeks after anthesis. It is 
perhaps unsurprising that these studies identified different genes as the most 
suitable candidates for qRT-PCR normalisation, given the different 
experimental conditions used in each study, and the addition of the 
‘Asupina’ cultivar in this study. These findings do however, highlight the 
need to investigate and validate multiple reference genes and identify the 
most appropriate candidates for gene normalisation in each tissue-type and 
for specific experimental conditions. 
 Subsequently, the most stably expressed reference genes CYP and 
UBQ2 were used to normalise the expression of five biosynthetic genes 
including DXS10, GGPS, PSY1, PSY2a and LCYB in ‘Asupina’ and 
‘Cavendish’ fruits at different stages of development. These genes were 
selected because they occupy key regulatory points in the pathway and 
encode enzymes that are recognised as rate-limiting for the biosynthesis of 
carotenoids and other isoprenoids (Yamamizo et al., 2010, Vranová et al., 
2013).  
4.3.4.2 Expression of DXS10 
DXS catalyses the first step of the MEP pathway and is regarded as a rate-
limiting step (Estévez et al., 2001). The expression of DXS10 in ‘Asupina’ fruit 
Figure 4-8, C). Comparatively, DXS10 expression in ‘Cavendish’ was higher 
during early stages of fruit development, progressively decreasing to nearly 
Figure 4-8, C). The higher expression of DXS10 during early to mid-stages 
correlated significantly (P = 0.0281), although negatively to total carotenoid 
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accumulation in ‘Cavendish’. The observed inverse association was 
surprising given the critical position DXS occupies in the pathway, and given 
experimental results from other studies. For example DXS expression has 
been demonstrated to be positively correlated with carotenoid accumulation 
in tomato (Paetzold et al., 2010, Lois et al., 2000), and over-expression of DXS 
resulted in increases in various isoprenoids, including total carotenoids and 
phytoene in potato tubers (Morris et al., 2006). However, the over-expression 
of a bacterial DXS gene under the control of a constitutive promoter in 
transgenic tomato did not alter the carotenoid content in either leaves or 
fruits (Enfissi et al., 2005). Also, DXS over-expression did not increase 
chlorophyll or carotenoid accumulation in spike lavender (Muñoz-Bertomeu 
et al., 2006), and no correlations were observed between DXS expression, 
enzyme activity and metabolites in transgenic tomato (Fraser et al., 2007). 
Notably, in spike lavender transgenic plants actually showed a reduced level 
of plastid-produced metabolites.  
These results suggest that constitutive DXS over-expression does not 
necessarily mean the same DXS activity in all plant tissues or even cellular 
types, and suggest that DXS activity might be finely regulated at the cellular 
level rather than transcriptional level. Thus the apparent negative correlation 
of DXS expression with carotenoid accumulation in ‘Cavendish’ may be 
incidental and the true effect of the role of DXS in banana carotenogenesis 
might be occurring at the enzymatic rather than transcriptional level. 
Additionally, as the MEP pathway produces precursors used in the 
production of a wide array of isoprenoid compounds, DXS expression is 
likely to also be influenced by precursor demands from other biosynthetic 
pathways. 
 
4.3.4.3 Expression of GGPS 
The enzyme GGPS catalyses the formation of GGPP from IPP and DMAPP 
via successive condensation reactions (Moise et al., 2013). In ‘Asupina’, the 
expression of GGPS gradually increased through fruit development along 
with total carotenoids, and peaked at the FG stage. This was however, 
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followed by a considerable reduction during ripening, which was not 
consistent with the sharp increase in carotenoid accumulation at the late 
Figure 4-8, A).  In ‘Cavendish’, GGPS expression remained relatively 
constant until the FG stage. A sudden increase in expression level was 
observed at the FR stage, during the period when carotenoid accumulation 
Figure 4-8, B). Thus, GGPS expression is positively correlated with total 
carotenoid accumulation in both ‘Asupina’ and ‘Cavendish’ in early stages of 
fruit development, but not in later (FG-FR) stages, although this observation 
was not proven statistically (Table 4-4).  Nonetheless, the positive association 
with GGPS expression in early developmental stages suggests that GGPS 
may affect flux of precursors though the pathway, thus carotenoid 
accumulation, but only prior to ripening stages. Notably, like DXS,  GGPS is 
an essential enzyme not only for carotenoid biosynthesis, but for other 
isoprenoids as well (Ruppel et al., 2013).  Therefore the expression of GGPS is 
likely also to be influenced by a demand for GGPP by other biosynthetic 
pathways. As such, the correlation in expression patterns of GGPS with 
respect to carotenoid accumulation as observed in this study are, by 
necessity, made tentatively.  
Upon further extending the correlation analysis to identify pair-wise 
relationships between any individual carotenoid species and GGPS 
expression, a significant relationship was detected between α-carotene 
accumulation and GGPS expression patterns in ‘Cavendish’ (r = 0.899, P = 
0.03). This suggests that GGPP expression is perhaps more important for ɑ-
carotene accumulation in ‘Cavendish’ fruits. However, such a correlation 
does not appear to have been observed in any plant species before.  
 
4.3.4.4 Expression of PSY 
The condensation of two molecules of GGPP catalysed by PSY to form 
phytoene represents the first committed and rate-limiting step in the 
carotenoid biosynthesis pathway. Two PSY paralogues were analysed in this 
study and they performed differently in the two cultivars. The expression of 
PSY1 was significantly negatively correlated with carotenoid accumulation 
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in ‘Cavendish’ (r = −0.966, P = 0.001), whereas PSY2a had a similar fate in 
‘Asupina’ (r = −0.921, P = 0.026).  Conversely, carotenoid content has 
generally been associated with the expression of PSY genes in various 
species, including in tomato (Giuliano et al., 1993, Fraser et al., 2007, Fraser et 
al., 1994), cassava (Welsch et al., 2010), wheat (Rodríguez-Suárez et al., 2014) 
and banana (J. Dale, QUT, pers. comm.). The results reported for PSY 
expression patterns here are essentially the inverse of the results obtained for 
PSY expression in these previous studies.  However, rather than suggesting 
that PSY negatively regulates carotenoid biosynthesis in banana, it is more 
likely that these results indicate that the regulation of total carotenoid 
biosynthesis in banana fruits is predominantly controlled by non-
transcriptional rather than transcriptional mechanisms. This seems most 
relevant in later (FG-FR) stages of fruit development where PSY expression 
was relatively low in both cultivars but carotenoid levels went up, evidently 
so in ‘Asupina’. Such a conclusion is also supported by the results obtained 
for DXS, as discussed above.  
Interestingly, when the correlation analysis was extended to identify 
relationships between individual carotenoid species and carotenoid 
biosynthetic gene expression patterns, a significant positive correlation 
between lutein and PSY2a in ‘Asupina’ (r = 0.928, P = 0.02) was observed. 
Both lutein accumulation and PSY2a expression remained fairly constant 
through fruit development, followed by a reduction in both at the FG-FR 
stages. Conversely α-carotene inversely correlated with PSY2a expression in 
both cultivars (Table 4-5). Since α-carotene is the precursor for lutein, this 
observation suggests the perceived negative relationship could be due to a 
diversion of metabolic flux towards lutein, rather than PSY2a itself down-
regulating α-carotene biosynthesis.  
Corroboratively, these observations suggest that the ɑ-branch of the 
carotenoid pathway leading to lutein formation might be under a higher 
level of transcriptional regulation in ‘Asupina’ fruit when compared to the β-
branch. Notably, no significant positive correlation (P < 0.05) was observed 
between carotenoid gene expression and the accumulation of β-carotenoids 
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in ‘Asupina’ fruit, although this observation was strongly influenced by the 
large peak in β-carotene accumulation at the FG-FR stages. Given that the 
lutein accumulation and PSY2a expression occurred during earlier stages of 
fruit development in ‘Asupina’, it suggests that transcriptional regulatory 
mechanisms are more important for carotenogeneis in earlier stages of fruit 
development in ‘Asupina’ rather than at later (FG and FG) stages. This is also 
consistent with the observation that lower solar levels may have affected the 
accumulation of carotenoids in the pre-ripened stages of the first ‘Asupina’ 
fruit replicate. Potentially in the later (FG-FR) stages, non-transcriptional 
mechanisms affecting carotenoid accumulation then became dominating. 
Such an observation would be consistent with plastid development-related 
mechanisms associated with fruit and flower development (Egea et al., 2011, 
Prebeg et al., 2006), and as observed in some mutants, i.e. increased 
carotenoid metabolic sink due to differentiation of chromoplasts from non-
coloured plastids (Li et al., 2001). 
 
4.3.4.5 Expression of LCYB 
Lycopene β-cyclase (LCYB) is a key enzyme involved directly in the 
synthesis of α-carotene and β-carotene through the cyclization of δ-carotene 
and lycopene, respectively (Moreno et al., 2013). Gene expression analysis in 
banana identified no significant relationship between LCYB expression and 
total carotenoid accumulation during either ‘Asupina’ (P =0.292) or 
‘Cavendish’ (P = 0.307) fruit development. The presence of LCYB has been 
reported in some plants such as carrots, papaya and citrus. In carrots, 
increased expression of LCYB1 was associated with increased β-carotene and 
total carotenoid accumulation in leaves and storage roots (Moreno et al., 
2013). In papaya, the yellow-fruit phenotype was associated with the 
presence of a highly expressed fruit-specific LCYB2 paralogue and a lowly 
expressed LCYB1; meanwhile a red-fruit phenotype was found to possess a 
dysfunctional LCYB2 and was therefore not able to efficiently convert 
lycopene to β-carotene and β-cryptoxanthin (Devitt et al., 2010).  In citrus, the 
expression of a chromoplast-specific LCYB2 showed a marked induction in 
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both peel and pulp of fruits in parallel with the accumulation of β,β-
xanthophylls (Alquézar et al., 2009).  
In wake of these studies the non-significant correlation between LCYB 
expression and carotenoid accumulation was particularly interesting with 
respect to the ‘Asupina’ fruits where a massive accumulation in β-carotene 
was observed at the FG and FR stages. This suggests that the perceived 
switch from the ɑ-branch of the carotenoid biosynthetic pathway being 
favoured in earlier stages of ‘Asupina’ fruit development, to the β-branch 
being favoured in later stages of fruit development, as discussed earlier, is 
likely to be controlled by a non-transcriptional mechanism, such as plastid 
related changes (Egea et al., 2011) or cellular related enzyme activity 
parameters (Gonzalez-Jorge et al., 2013). Alternatively, LCYB expression 
could be regulated at the promoter region in response to developmental 
signals. For example, Dalal (2010) observed over 5-fold increase in the 
activity of full-length LCYB promoter in flowers and fruits of transgenic 
tomato plants compared to controls. 
4.3.5 Limitations of the study 
The banana fruit samples used in this study were collected on a 3-weekly 
basis. Future investigations might consider a more frequent sampling 
strategy to determine any salient changes that may have occurred during the 
interval, although such a strategy would likely be limited by bunch size. It 
would also be interesting to quantify the parameters determined in this 
study using fruits that were naturally ripened on the plant, especially for 
‘Asupina’. This was not possible in the current study due to variation in 
growth cycles and the need to control ripening as it can vary substantially in 
‘Asupina’. Furthermore if a naturally ripened approach was taken for 
sampling ‘Asupina’ fruits deciding when the plant has reached FR would 
likely be a source of variation as deciding when ‘Asupina’ fruits have 
reached FR is rather subjective due to a long and varied ripening period. 
Notably, this point also holds true for FG ‘Asupina’ fruits, thus this could 
have contributed to the variation observed in the ‘Asupina’ biological 
replicates. In contrast, ‘Cavendish’ fruiting patterns are much more 
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predictable. Sample collection from separate fruiting cycles was inevitable 
due to a limited number of plants and variations in bunch emergences. It 
would also be interesting, to compare the parameters measured in this study 
with more cultivars since the genus Musa is highly diverse with respect to 
many attributes, including carotenoid content.  
 
4.3.6 Conclusion 
This chapter reported the quantification of total carotenoids in ‘Asupina’ and 
‘Cavendish’ fruits in a systematic manner during development for the first 
time. The overall levels of carotenoids at FR stage was over 80-fold higher in 
‘Asupina’ than in ‘Cavendish’. The predominant carotenoid in ‘Asupina’ was 
β-carotene whereas in ‘Cavendish’ α-carotene was the major carotenoid 
species observed in later stages of fruit development. In ‘Cavendish’, 
carotenoid accumulation increased gradually in the early stages of fruit 
development and it plateaued between FG and FR stages. In contrast, 
carotenoid accumulation in ‘Asupina’ increased very gradually during early 
stages of development up to the pre-FG stage, after which exponential 
increases were observed between FG and FR stages. Based on the 
accumulation profiles of individual carotenoids, it appears that the α-branch 
of the carotenoid biosynthetic pathway leading to the synthesis of α-carotene 
and lutein is favoured in ‘Asupina’ at early stages of fruit development, but 
then a regulatory change occurs resulting in the β-branch of the pathway 
being favoured, and consequentially a change in the predominant carotenoid 
species from lutein to β-carotene. Conversely, in ‘Cavendish’ the α-branch of 
the carotenoid biosynthetic pathway appears favoured throughout 
development as lutein is consistently the predominant carotenoid. However, 
this pattern could also be explained by enzymatic cleavage/degradation of β-
branch products, such as β-carotene in ‘Cavendish’ fruits.  
In general, little definite correlation could be found between the 
expression of the selected biosynthetic genes and total amounts of 
carotenoids in either cultivar. Pair-wise correlations between gene expression 
patterns and accumulation of specific carotenoid species revealed that the 
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perceived switch in flux from the ɑ to the β-branch of the pathway in later 
stages of fruit ‘Asupina’ fruit development, was likely to be controlled by a 
non-transcriptional mechanism, potentially related to plastid development. 
Little could be derived from the gene expression analysis in ‘Cavendish’ 
fruits with respect to total carotenoids or specific carotenoid species, 
suggesting that non-transcriptional regulation with respect to carotenoid 
accumulation is also important in this cultivar. Consequentially, non-
transcriptional carotenoid regulation mechanisms will be investigated in 
Chapter 5. Specifically, the roles that plastid development (carotenoid 
sequestration) and degradation might play in the regulation of carotenoid 
accumulation in banana fruits of the two cultivars will be explored. 
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Chapter 5: Degradation and sequestration of 
carotenoids in banana fruit 
5.1 INTRODUCTION  
As concluded in Chapter 4, it appears that the differences in carotenoid 
accumulation patterns between ‘Asupina’ and ‘Cavendish’ fruits cannot be 
explained solely by differences in carotenoid biosynthetic gene expression 
(transcriptional regulation). Thus non-transcriptional mechanisms of 
carotenoid regulation including carotenoid degradation and sequestration 
were investigated. This chapter provides the results of these investigations.  
Carotenoids play indispensable roles as light harvesting accessory 
pigments and photo-protectants during photosynthesis. They are recognised 
as precursors for the biosynthesis of biologically active apocarotenoids which 
include the plant hormones abscisic acid (ABA) and strigolactones, and a 
wide range of plant volatile flavour and fragrance compounds that serve as 
attractants for pollinators and herbivores (Bouvier et al., 2005, Walter and 
Strack, 2011). The catabolism of carotenoids to form apocarotenoids is 
catalysed by a group of non-heme iron-dependant enzymes called carotenoid 
cleavage dioxygenases (CCDs) and 9-cis-epoxycarotenoid dioxygenases 
(NCEDs). NCEDs cleave the 11, 12 (11′, 12′) double bonds of 9-cis-
violaxanthin or 9-cis-neoxanthin, catalysing the first step in ABA 
biosynthesis. The CCDs catalyse the oxidative cleavage of double bonds in 
various positions in a variety of carotenoids resulting in a diversity of 
apocarotenoids (Walter and Strack, 2011). Although CCDs are substrate 
promiscuous, they require four conserved histidine residues that are typical 
ligands for the Fe2+ ion required for di-oxygenase activity. The Fe2+ ion is 
usually coordinated by a combination of histidine, aspartate, glutamate and 
water ligands (Kloer and Schulz, 2006).  
Recent studies in plants have shown that CCD4 is a negative regulator 
of carotenoid accumulation in various plant tissues including in peach flesh 
(Adami et al., 2013, Yoshioka et al., 2012, Brandi et al., 2011, Ma et al., 2014), 
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Arabidopsis seeds (Gonzalez-Jorge et al., 2013), potato tubers (Campbell et al., 
2010) and chrysanthemum petals (Yoshioka et al., 2012, Ohmiya, 2013). 
Notably, a frame-shift mutation in the CCD4 gene caused by insertion of a 
retrotransposon in the open reading frame (ORF) in yellow-fleshed peaches 
has been suggested as a highly efficient selection marker for high carotenoid 
accumulating plants for peach breeding (Adami et al., 2013, Fukamatsu et al., 
2013).  
Improvement of crop plants by traditional plant breeding programs is 
a slow and labour intensive process. In the past two decades, there has been 
a rise in the use of biotechnological approaches for crop improvement, 
including the use of RNA interference (RNAi) (Saurabh et al., 2014). RNAi 
(also referred to as gene silencing or gene knockdown), is a natural plant 
defence process in which small RNA molecules interfere with the translation 
of a target mRNA transcript and suppress its expression. Recently, this 
technology has been used to silence CCD4 expression in white fleshed 
potato, resulting in up to 5.6 fold increases in carotenoid content  (Campbell 
et al., 2010). Despite several reports implicating CCD4 enzymes as a major 
contributing factor to carotenoid degradation in some plant species, 
characterisation and functional testing studies regarding CCD4 activity in 
major crop plants are still scarce. In the banana genome, there are four 
annotated CCD4 locations: on chromosomes 2, 4, 6 and 9 (D/'Hont et al., 
2012), which is consistent with the findings from other plants that CCD4 is 
encoded by a small gene family (Auldridge et al., 2006, Yoshioka et al., 2012). 
Due to the polyploid nature of banana genomes, it is important to isolate and 
functionally characterise CCD4 genes from target genotypes and tissues to 
explore their contributions to the regulation of carotenoid biosynthesis and 
ultimately their potential as alternative or synergistic avenues for improving 
PVA contents. 
Besides biosynthesis and degradation, sequestration and stable 
storage of carotenoids also influences accumulation in different tissues 
(Walter and Strack, 2011). Carotenoids are synthesised and sequestered in 
nearly all types of plastids, but accumulate in large quantities in chloroplasts 
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and chromoplasts. Sequestration of carotenoids within plastids appears to be 
an additional form of regulating carotenoid biosynthesis (Fraser and 
Bramley, 2004). Chloroplasts and chromoplasts differ greatly in the way they 
sequestrate carotenoids. In chloroplasts, carotenoids reside in photosynthetic 
membranes and are integrated with chlorophyll binding proteins to form 
pigment protein complexes, whilst non-membrane bound carotenoids are 
associated with specific proteins as small plastoglobules (PGs) (Fraser and 
Bramley, 2004). In chromoplasts of tomato, lycopene is sequestrated as 
crystals. In the chromoplasts of flowers, esterification of carotenoids appears 
to be an effective mechanism for sequestration and accumulation of high 
levels of carotenoids, and has been observed in many examples including 
sunflower, daffodil and marigold (Fraser and Bramley, 2004). Floral 
chromoplasts are typically associated with the presence of relatively large 
PGs. In the chromoplasts of caspsicum, carotenoids are also typically 
esterified and are associated with fibrillin proteins as fibrils (Deruère et al., 
1994). Typically, banana fruits contain large numbers of amyloplasts, these 
plastids are characterised by large starch granules. Carotenoids are known to 
be sequestered in the envelopes of amyloplasts, but they are not thought to 
have the capacity to accumulate substantial amounts of these compounds.  
There are a few reports on the contribution of plastid-associated 
proteins (PAP) in enhancing the sequestration and stabilisation of 
carotenoids in plastids. For instance, the transcript levels of chromoplast-
specific carotenoid-associated protein (CHRC) in high pigment1 (hp1) tomato 
fruits has been found to be abundant at red-ripe stage (Kilambi et al., 2013). 
Similar findings were previously reported in loquat (Eriobtrya japonica) fruits 
(Fu et al., 2012). Besides CHRC, elevated size and number of plastoglobule-
associated plastoglobulins during chloroplast transition to chromoplasts, has 
been associated with increased plastidial carotenoid sequestration in tomato 
fruits (Egea et al., 2011, Nogueira et al., 2013). The importance of plastid 
differentiation on carotenoid accumulation is also well demonstrated in an 
orange curd mutant of cauliflower (Brassica oleracea) (Li et al., 2001). An 
Orange (Or) gene mutation has been identified in this mutant which encodes 
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a plastid-targeted DNAJ-like protein containing a cysteine-rich zinc finger 
domain. The Or gene mutation is due to the insertion of a long terminal 
repeat retrotransposon in the wild type gene. The mutation triggers the 
differentiation of non coloured plastids into carotenoid-containing 
chromoplasts (Lu et al., 2006). 
In this chapter, the role of non-transcriptional regulatory mechanisms on 
the carotenoid accumulation in ‘Asupina’ and ‘Cavendish’ banana fruits 
were investigated.  
Specifically, the aims were to: 
1. Isolate and compare CCD4 genes expressed in   ‘Asupina’ and 
‘Cavendish’ banana fruits  
2. Identify any correlations between CCD4 expression and carotenoid 
accumulation in fruits of ‘Asupina’ or ‘Cavendish’ 
3. Compare plastid structures and thus identify potential variations in 
carotenoid metabolic sink capacities in ‘Asupina’ and ‘Cavendish’ banana 
fruits 
The null hypotheses were that: 
a) CCD4 genes expressed in the fruits of ‘Asupina’ or ‘Cavendish’ are not 
significantly different in structure 
b) The expression of CCD4 genes in the fruits of ‘Asupina’ or ‘Cavendish’ do 
not significantly correlate with carotenoid accumulation patterns 
c) ‘Asupina’ and ‘Cavendish’ fruits do not contain varying plastidial 
structures.  
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5.2 RESULTS 
5.2.1 Isolation of CCD4 genes from banana fruits 
The coding sequence of CCD4 was isolated from ‘Asupina’ and ‘Cavendish’ 
in order to determine if structural differences exist between the two genes.  
Primers AP107 – AP108 (Appendix III) were designed in conserved regions 
following alignment of 12 complete CCD4 mRNA sequences from various 
plant species retrieved from the NCBI website (www.ncbi.nlm.nih.gov) and 
one banana CCD4 mRNA sequence from the banana genome database 
(http://banana-genome.cirad.fr). First strand cDNA template was prepared 
from five stages of ‘Asupina’ fruit development (S3, S15, S24, FG and FR) and 
from all stages of ‘Cavendish’ fruit development (S3 – FR) as described in 
Chapter 2, Section 2.2.2. A 700 bp product was amplified by PCR (Chapter 2 
Section 2.2.3) from only S6 cDNA in ‘Cavendish’. The product was cloned 
and sequenced as described in Chapter 2, Sections 2.4 and 2.2.9), and its 
identity was confirmed using BLAST searches to identify nucleotide 
sequence similarities via the NCBI website and the banana genome database 
website (http://banana-genome.cirad.fr). The product was found to be 
highly homologous with CCD4 coding sequences.  
In order to amplify CCD4 from ‘Asupina’, additional CCD4-specific 
primers AP109 – AP111 (Appendix III) were designed based on ‘Asupina’ 
RNAseq data (Chapter 2, Section 2.3.5). RNAseq data were aligned with the 
CCD4 complete mRNA sequence from the banana genome and primers were 
designed in the matching regions. The RNAseq-based primers amplified a ~ 
700 bp product from ‘Asupina’ S3 and from ‘Cavendish’ S6 cDNA only. The 
products were cloned and sequenced as described in Chapter 2, Section 2.4 
and Chapter 2, Section 2.2.9 respectively. Both sequences were confirmed 
through nucleotide BLAST analyses at the NCBI website to be CCD4 partial 
sequences. The partial sequences amplified by RNAseq primers were used to 
design primers AP112 – AP115 and applied to obtain the full length of CCD4 
through 3′ and 5′ RACE (Chapter 2, Section 2.3.3). 3′ RACE was successful, 
but 5′ RACE failed to amplify a specific CCD4 sequence from both genotypes 
which prompted the design of additional gene-specific primers. Based on the 
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banana genome CCD4 mRNA sequence, primer AP120 was designed in the 
5’ UTR region and used with the specific ‘Cavendish’/’Asupina’ CCD4 5′ 
RACE primer AP112. Amplifications were obtained from ‘Cavendish’ cDNA 
and ‘Asupina’ gDNA. However, no amplification was obtained from 
‘Asupina’ cDNA. Sequences of the amplicons from ‘Cavendish’ overlapped 
with the partial sequences to produce the entire open reading frame (ORF) of 
CCD4 and adjoining untranslated (UTR) sequences from ‘Cavendish’ fruit 
cDNA (Figure 5-1, B). All sequences were assembled using SeqMan II 
software from DNASTAR Suite. The final ‘Asupina’ contig consisted of 10 
sequences joined to a final length of 1746 bp, and ‘Cavendish’ CCD4 contig 
contained 11 sequences with a final length of 2068 bp. The consensus 
sequences were annotated as described in Chapter 2, Section 2.2.10.1. 
 
5.2.1.1 Gene structure annotation 
The isolated ‘Asupina’ CCD4 cDNA sequence was 1746 bp long with an ORF 
of 1314 bp and adjoining UTR sequences were 372 and 60 bp at the 5′ and 3′ 
ends, respectively (Figure 5-1, A). The amplified ‘Cavendish’ CCD4 cDNA 
sequence was 2068 bp consisting of an ORF of 1877 bp and adjoining UTR 
sequences were 173 and 18 bp at the 5′ and 3′ ends, respectively (Figure 5-1, 
B). The isolated ‘Asupina’ CCD4 CDS encoded a polypeptide of 437 amino 
acids with a molecular mass of 26.6 kDa. ‘Cavendish’ CCD4 CDS encoded a 
polypeptide of 623 amino acids in length with a molecular mass of 37.9 kDa. 
The two CCD4 genes shared 99.6% sequence homology over a length of 90% 
of the gene sequences.  
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Figure 5-1 Annotation of CCD4 gene isolated from banana fruits  
The nucleotide sequences were amplified from cDNA and main features were annotated 
using Vector NTI Suite (Lu and Moriyama, 2004). The nucleotide sequences for ‘Asupina’ 
(A) and ‘Cavendish’ (B) are provided in Appendix IX. 
 
Nucleotide BLAST analyses were performed for both isolated CCD4 
genes against the banana genome (http://banana-genome.cirad.fr/blast). 
Both CCD4 gene sequences were 98% homologous with the Musa malaccensis 
CCD4 located on chromosome 4. There were no other CCD4 matches of the 
isolated genes in the banana genome other than on chromosome 4. 
Homologous protein matches for the isolated CCD4 genes were analysed as 
detailed below in Section 5.2.1. 
 
5.2.1.2 Phylogenetic analysis of isolated banana CCD4s 
Sequences homologous to the putative ‘Cavendish’ and ‘Asupina’ CCD4 
proteins were retrieved from the NCBI website using protein BLAST 
analyses. Phylogeny of homologous protein sequences were reconstructed as 
described in Chapter 2, Section 2.2.10.2. The phylogenetic tree did not reveal 
a major grouping of CCD4 proteins. However, the tree topology classified 
the plant CCD4 proteins sequences into 3 sub-groups (Figure 5-2). Sub-
groups I and II contained plant CCD4s belonging mainly to the eudicot 
family.  Sub-group III comprised of a smaller number of taxa mainly 
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composed of monocotyledonous plants including ‘Asupina’ and ‘Cavendish’ 
CCD4 proteins (Figure 5-2). The banana CCD4 putative protein sequences 
were closer to each other; however there was statistical support (99%) to 
suggest ‘Asupina’ and ‘Cavendish’ CCD4 proteins harbour considerable 
amino acid differences. In all, this analysis suggests that CCD4 plant proteins 
could be derived from a common ancestor, which is similar to a previous 
finding based on CCD4 proteins (Ahrazem et al., 2010b).  
 
Figure 5-2 Phylogenetic relationships of CCD4 from different species based 
on amino acid substitutions  
The evolutionary history was inferred using the NJ method (Saitou and Nei, 1987). The 
optimal tree with the sum of branch length = 2.81277197 is shown. The percentage of 
replicate trees in which the associated taxa clustered together in the bootstrap test (1000 
replicates) are shown next to the branches (Felsenstein, 1985). The tree is drawn to scale, 
with branch lengths in the same units as those of the evolutionary distances used to infer the 
phylogenetic tree. The evolutionary distances were computed using the Poisson correction 
method (Zuckerkandl and Pauling, 1965) and are in the units of the number of amino acid 
substitutions per site. The analysis involved 27 amino acid sequences. All positions 
containing gaps and missing data were eliminated. There were a total of 324 positions in the 
final dataset. Evolutionary analyses were conducted in MEGA6 (Tamura et al., 2013). The 
cloned CCD4 sequences are in bold font. The NCBI accession numbers of the different 
species used are listed in Appendix VIII. 
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5.2.1.3 Test of evolutionary rate of banana CCD4s 
A molecular clock test of the CCD4 tree topology (Figure 5-2) was performed 
as described in Chapter 2, Section 2.2.10.2. The null hypothesis of equal 
evolutionary rate throughout the tree was rejected at a 5% significance level 
(P = 1.08847950457292E-17). The analysis involved 27 protein sequences and 
all gap positions and missing data were eliminated. There were a total of 324 
positions in the final dataset. Similarly, the equality of CCD4 evolutionary 
rate between ‘Asupina’ and ‘Cavendish’ CCD4 with L. brownii (BAM34602.1) 
as an out-group was tested as described in Chapter 2, Section 2.2.10.2. A total 
of 333 amino acid positions were used in the final dataset. The χ2 test statistic 
was 5.44 (P = 0.01963 with 1 degree of freedom). A P-value of less than 0.05 
was used to reject the null hypothesis of equal rates of evolution between the 
lineages. The combined molecular clock tests suggest that based upon the 
sequences available, CCD4s evolve at different rates both between various 
plant species and between ‘Asupina’ and ‘Cavendish’. 
Comparison of deduced amino acid residues was conducted as 
described in Chapter 2, Section 2.2.10.2. Both ‘Asupina’ and ‘Cavendish’ 
CCD4 contain the conserved histidine residues that have been previously 
described as typical ligands of a non-haem iron cofactor required for di-
oxygenase activity (Auldridge et al., 2006) (Figure 5-3). Similarly, both genes 
also contained conserved glutamates or aspartates which are used to fix iron-
ligating histidines (Kloer and Schulz, 2006) (Figure 5-3). However, ‘Asupina’ 
CCD4 was truncated at the N-terminal (Figure 5-3).  
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Figure 5-3 Sequence comparison of CCD4s from various plant species 
Identical and similar amino acids are indicated with black and grey backgrounds 
respectively. The four iron-ligating histidines (arrow heads) and the glutamates or aspartates 
(asterisk) are labelled.  
 148 Chapter 5: Degradation and sequestration of carotenoids in banana fruit 
5.2.2 CCD4 gene expression in banana fruits 
Quantitative RT-qPCR analysis was undertaken to determine the expression 
patterns of CCD4 across different stages of fruit development in ‘Asupina’ 
and ‘Cavendish’. As for the gene expression analyses in Chapter 4, specific 
fruit developmental stages were selected to represent key points in the 
carotenoid accumulation profile during the ‘Asupina’ fruit cycle. This 
included the five stages that were sampled in Chapter 4 (S9, 15, 24, FG and 
FR), plus one additional stage (S21). All five stages of ‘Cavendish’ fruit 
development sampled were used for this analysis. Three plants were used as 
biological replicates of each of the cultivars and three fruits were sampled at 
each stage to represent the top, middle and bottom parts of the bunch. The 
three fruits from each stage per plant were pooled in equal proportions and 
used to isolate total RNA for cDNA template synthesis (Chapter 2, Section 
2.2.1). cDNA preparations were used to quantify the expression of CCD4 
using gene specific RT-qPCR reactions as described in Chapter 2, Section 
2.3.6.4, using the stably expressed endogenous reference genes CYP and 
UBQ2 identified in Chapter 4 for normalisation. 
The expression of CCD4 was only detectable at early stages of fruit 
development in ‘Asupina’ (S9 and S15) and was down-regulated to almost 
undetectable levels  two stages (6 weeks) before the fruit was physiologically 
mature (at FG) (Figure 5-4). In ‘Cavendish’, CCD4 expression was 
comparatively higher than in ‘Asupina’ and the expression persisted until 
the fruit was fully mature and harvested (Figure 5-4). One notable 
observation in ‘Cavendish’ was at S6, where the lowest recorded trans-β-
carotene content was recorded, accompanied by the highest level of CCD4 
expression (Figure 5-4).  
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Figure 5-4 A comparison of CCD4 relative expression levels with carotenoid 
accumulation in ‘Asupina’ and ‘Cavendish’ at different stages of fruit 
development 
Line graphs represent total carotenoid ( ) and β-carotene ( ) accumulation profiles in 
‘Asupina’ (A) and in ‘Cavendish’ (B) with adjusted scale inset. Bar graphs represent CCD4 
expression levels relative to CYP and UBQ2 in ‘Asupina’ (C) and in ‘Cavendish’ (D). Three 
biological replicates were each analysed in triplicate and values shown represent means ± 
SEM.  
 
Associations between CCD4 expression and carotenoid accumulation 
were investigated by correlation analysis as described in Chapter 2, Section 
2.6. In both genotypes CCD4 expression was generally negatively correlated 
with total carotenoid and trans-β-carotene accumulation, and these 
associations were stronger in ‘Cavendish’ than in ‘Asupina’ (Table 5-1). 
Specifically, a significant negative correlation (-0.92, P = 0.028) was observed 
in ‘Cavendish’ for trans-β-carotene accumulation and CCD4 expression. No 
significant correlations were detected between CCD4 expression and any of 
the other 3 additional carotenoid species detected, including lutein, α- and 
cis-β-carotene. Therefore, the null hypothesis that CCD4 expression has no 
effect on carotenoid accumulation in ‘Asupina’ and ‘Cavendish’ was rejected 
 150 Chapter 5: Degradation and sequestration of carotenoids in banana fruit 
and instead it was hypothesised that CCD4 has a role in carotenoid 
regulation in ‘Cavendish’. 
 
Table 5-1 Correlation analysis of CCD4 expression with total carotenoid and 
trans-β-carotene accumulation in ‘Asupina’ and ‘Cavendish’ banana fruits at 
different developmental stages 
 
ns = not significant; * = significant at P < 0.05 
 
5.2.3 Functional characterisation of CCD4 in ‘Cavendish’ bananas 
In view of the  negative correlation between CCD4 expression and carotenoid 
accumulation in banana fruits, the effect of transient inhibition of CCD4 
expression on fruit carotenoid content was investigated. Due to the higher 
correlation between CCD4 expression and β-carotene content in ‘Cavendish’ 
fruits, and due to a greater availablility of material from this cultivar, this 
work was undertaken using ‘Cavendish’ fruits only. A CCD4 RNAi construct 
was assembled using the cloning techniques described in Chapter 2, Section 
2.4. A 417 bp CCD4 sequence region likely to produce stable RNAi duplexes 
was identified by using BLOCK-iT™ RNAi Designer software 
(http://rnaidesigner.lifetechnologies.com/ rnaiexpress). Primers AP116 - 
AP119, Appendix III) containing appropriate restriction sites were designed 
to amplify sense and antisense copies of the 417-bp target from ‘Cavendish’ 
cDNA prepared as described in Chapter 2, Section 2.2.3, these were 
subsequently cloned into pGEM-T vectors and the sequences confirmed as 
described in Chapter 2, Section 2.4. The sense and antisense CCD4 strands 
were excised from the pGEM-T Easy vectors and mobilised into 
pCAMBIA1300, separated by a short synthetic intron (syntron) (Dugdale et 
al., 2013), using the restriction sites incorporated in the primers used to 
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amplify the CCD4 strands, as detailed above. The sense and antisense CCD4 
strands and embedded syntron were located between a 530-bp CaMV 35S 
promoter and a nos terminator. A schematic representation of the T-DNA 
from this expression vector is illustrated in Appendix X.  The completed 
CCD4 RNAi construct was used for the transient Agrobacterium mediated 
transformation of ‘Cavendish’ fruits at different developmental stages, as 
detailed in Chapter 2, Section 2.4.7. Agrobacterium  suspensions harbouring 
the CCD4 RNAi construct were introduced into ‘Cavendish’ fruits using an 
Injex 30TM needle-free injection system as described in Chapter 2, Section 
2.4.7. A pCAMBIA1300 binary vector containing a uidA reporter gene 
(encoding β-glucuronidase; GUS)  under the transcriptional control of the 
constitutive CaMV 35S promoter (Appendix X) (Dugdale et al., 2013) and an 
empty vector (pCAMBIA1300), were used as positive  and negative controls, 
respectively. 
Initially the capacity of the Injex 30TM needle-free injection system to 
infiltrate banana fruits was tested using 1X Loading dye (Appendix II) as the 
infiltration medium and S7 ‘Cavendish’ fruit. Using 3 infiltration points on 
the outside of the fruit, (Figure 5-5) the dye was evenly dispersed within the 
internal core of the fruit (Figure 5-5). Subsequently, an Agrobacterium 
infiltration (agro-infiltration) assay was optimised using the pCAMBIA-GUS 
construct and S7 and S8 fruits. Four fruits from each of the two stages were 
infiltrated with Agrobcaterium cultures harbouring the pCAMBIA-GUS 
construct, diluted to an OD600 concentration of 1.0 and kept at room 
temperature. GUS activity was monitored over four days in cross-sections of 
the fruit as detailed in Chapter 2, Section 2.4.8. The highest GUS activity was 
observed on day 3 after agro-infiltration in both fruit stages and thus all 
subsequent histochemical assays were performed on day 3 after agro-
infiltration. The optimised protocol is detailed in Chapter 2, Section 2.4.7 and 
was used for the CCD4 RNAi experiment with fruits from different 
developmental stages as detailed below. 
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Figure 5-5 Test of the extent of banana fruit infiltration using Injex-30TM 
needle-free injection system 
Approximately 1 ml of 1X Loading dye was delivered into the fruit using the Injex-30TM 
needle-free injection system (A). Split S7 fruit showing the extent of dye infiltration into the 
fruit (B).  
 
 Following optimisation of the assay, four fruits were sampled at S4, 
S5, S6 S7, S8 and S9 for the CCD4 silencing experiment. These stages were 
chosen based on the CCD4 expression profile during ‘Cavendish’ fruit 
development (Section 5.2.2). Initially one fruit from each stage was infiltrated 
with ~ 1 ml of Agrobacterium harbouring the CCD4 RNAi construct. The 
second fruit from each stage was agro-infiltrated with ~ 1 ml of 
Agrobacterium containing the empty vector control. The third fruit was 
infiltrated with ~ 1 ml of Agrobacterium containing the pCAMBIA-GUS 
construct. The fourth fruit was not infiltrated as an additional negative 
control. Agro-infiltrations were performed as described in Chapter 2, Section 
2.4.7. Infiltrated and non-infiltrated fruits were kept at room temperature for 
three days. After three days, control fruits infiltrated with the pCAMBIA-
GUS construct were histochemically analysed for GUS activity, as described 
in Chapter 2, Section 2.4.8. The remaining fruits were treated with ethylene 
gas for 72 hours to initiate fruit ripening. The gassed fruits were ripened at 
room temperature for two additional days and samples were processed for 
carotenoid extractions as described previously (Chapter 2, Section 2.1.2.2).  
GUS activity in the fruits from different stages was variable but 
positive for most fruits, as represented in Figure 5-6, A. The weakest GUS 
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expression was detected in S4, and S5 fruits. The strongest GUS expression 
was detected in S7 and S8 fruits (Figure 5-6, A). Visual inspection of split 
agro-infiltrated fruits did not reveal obvious pigmentation differences 
between empty-vector control or CCD4 RNAi construct infitrated fruits at 
any fruit stage, as represented in Figure 5-6, C and D, with S4 fruits.  
 
Figure 5-6 Internal phenotypes of Agrobacterium infiltrated ‘Cavendish’ fruits  
A) Histochemical GUS assay showing cross sections of fruits (bottom: S7, top: S8) infiltrated 
with the pCAMBIA-GUS construct (positive transformation control) attained on day 3 after 
infiltration; B) Non-infiltrated control; C) Infiltrated with the empty vector control; D) 
Infiltrated with the CCD4 RNAi construct 
 
 Total carotenoid content of fruits agro-infiltrated with the CCD4 
RNAi construct and empty-vector control plus non-infiltrated controls, were 
extracted and quantified by HPLC-PDA analysis, as described in Chapter 2, 
Sections 2.5.1.2 and 2.5.2 respectively. The carotenoid profiles are illustrated 
in Figure 5-7. Five of the stages assayed (S4, S6, S7, S8 and S9) revealed no 
increase in carotenoid content in CCD4 RNAi infiltrated fruits relative to the 
non-infiltrated or empty vector controls (Figure 5-7, S4, S6, S7, S8 and S9). 
However, the CCD4 RNAi-infiltrated S5 fruit had elevated levels of all 
carotenoids relative to the controls (Figure 5-7, S5). The most noticeable 
increases at S5 were observed in trans-β-carotene.  
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Figure 5-7 Carotenoid content of Agrobacterium infiltrated ‘Cavendish’ at 
different stages of fruit development.  
Carotenoid accumulation levels in ‘Cavendish’ fruits at different developmental stages 
following transient Agrobacterium mediated transformation. All fruits were collected from 
one plant and each fruit was analysed in triplicate. Means ± SEM are shown.  
 
Subsequently, additional biological replicates of S5 ‘Cavendish’ fruits 
were obtained (two fruits from three independent plants) and the assay was 
repeated as described above. One fruit from each plant was infiltrated with 
either the CCD4-RNAi or empty vector constructs. Empty vector-infiltrated 
fruits served as the negative control for these analyses. As observed 
previously, CCD4 silencing resulted in slightly elevated levels of total 
carotenoids due to an increase in β-carotene content (Figure 5-8). The average 
amount (µg/g DW) of β-carotene in CCD4-RNAi was 6.1 compared to 5.4 in 
the empty vector control. However, pair-wise t-tests revealed that the 
observed differences between treatments were not significant (P = 0.680).  
 Chapter 5: Degradation and sequestration of carotenoids in banana fruit 155 
 
Figure 5-8 Carotenoid content of Agrobacterium infiltrated ‘Cavendish’ at S5 
stage of fruit development. 
Three S5 fruits each from three biological replicates were agro-infiltrated with the CCD4-
RNAi cassette or with an empty vector control. Each fruit was analysed by HPLC-PDA in 
triplicate. The graph represents pooled averages of biological replicates ± SEM.  
 
5.2.4 Carotenoid sequestration in banana fruits 
The fruit pulp of ‘Asupina’ and ‘Cavendish’ was studied using light 
microscopy to investigate plastid structure in the two different cultivars, thus 
identifying potential non-transcriptional regulatory mechanisms for 
carotenoid biosynthesis.  
 
5.2.4.1 Light microscopy examination of ‘Asupina’ and ‘Cavendish’ fruits 
 Sections of FG and FR ‘Asupina’ and ‘Cavendish’ fruit tissues were 
examined using free hand tissue sections and light microscopy as described 
in Chapter 2, Section 2.5.6. The cell shape and size were different in the two 
cultivars with the pulp of ‘Asupina’ containing elliptical and smaller cells 
compared to those of ‘Cavendish’ which were larger and more elongated 
(Figure 5-9). One striking difference at the FG stage was that ‘Asupina’ cells 
contained smaller and more numerous amyloplasts whereas ‘Cavendish’ 
cells contained very large amyloplasts that filled up much of the cytoplasm 
(Figure 5-9).  The cytoplasm of ‘Asupina’ cells contained many more double-
membrane plastids than ‘Cavendish’ cells (Figure 5-9). 
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Figure 5-9 Light microscopy comparison of ‘Asupina’ and ‘Cavendish’ fruits 
Thin sections were stained with toluidine blue to illustrate various plastid types and sizes in 
the FG fruits of ‘Asupina’ (A) and ‘Cavendish’ (B). Am, amyloplasts; P, proplastid. 
 
 In ‘Asupina’, amyloplasts and other plastids visible in FG fruits 
(Figure 5-10, A) appeared to transition directly into brightly pigmented 
plastids in FR fruits (Figure 5-10, B), consistent in appearance with 
chromoplasts (Figure 5-10, C). In ‘Cavendish’ there was an apparent loss of 
clear plastidial structure within the cells from the transition from FG to FR, 
and no consistent pigmented structures were observed in either tissue stage 
(Figure 5-10, D-F). Both FR stages in ‘Asupina’ and ‘Cavendish’ were devoid 
of clearly identifiable starch containing amyloplasts. 
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Figure 5-10 Representative unstained light microscopy comparison of 
‘Asupina’ and ‘Cavendish’ fruits 
Plates A–C: representative unstained tissue sections illustrating the transition of amyloplasts 
into chromoplast structures in ‘Asupina’ fruits from FG (A) to FR (B and C), respectively. 
Plates C–F: representative unstained tissue sections illustrating cells of ‘Cavendish’ fruits at 
FG (A) and FR (B and C) stages. Am, amyloplasts; Ch, putative chromoplast. 
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5.2.4.2 Light microscopic examination of transgenic ‘Cavendish’ bananas  
Since no consistent carotenoid containing structures could be identified in 
the tissues of FG or FR stages of ‘Cavendish’ fruits, presumably due to the 
low levels of carotenoids that accumulate in this cultivar, a microscopy study 
of ‘Cavendish’ bananas engineered to have elevated carotenoid levels was 
also undertaken. These plants were generated at QUT in the GCGH 
Banana21 project by over-expression of a maize PSY1 gene under the control 
of a fruit specific ACO promoter. The transgenic fruits accumulate up to 14-
fold higher levels of carotenoids relative to wild type controls (J. Dale, QUT, 
pers. comm.). Transgenic fruits at the FG and FR stages were sampled and 
processed as described in Chapter 2, Section 2.5.6 and unstained free-hand 
sections were examined under a light microscope. Deep orange carotenoid 
crystals were observed in both FG and FR cells. The crystals appeared to be 
in close association with starch granules within the cells, however they 
appeared to be discreet (separate) entities (Figure 5-11).  
 
Figure 5-11 Carotenoid containing structures in transgenic ‘Cavendish’ 
banana 
Light microscopy examination of unstained sections of transgenic ‘Cavendish’ fruits at the 
FG stage (A) and at the FR stage (B). Carotenoid crystals are shown by the arrows and starch 
granules are labelled (S). 
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5.2.4.3 Determination of dry matter content 
Due to the variation in amyloplast structures and starch granule sizes 
observed between FG and FR ‘Cavendish’ and ‘Asupina’ fruits in microscopy 
studies, an investigation with respect to the dry matter content (DMC) of 
fruits from the two cultivars was undertaken, as described in Chapter 2, 
Section 2.5.5. Differences in DMC between FG and FR stages were not 
significant in either ‘Asupina’ (P = 0.069) or in ‘Cavendish’ (P = 0.547). 
However, pair-wise Student t-tests revealed that ‘Asupina’ had a 
significantly lower DMC at both the FG (P = 0.013) and FR (P = 0.006) stages 
compared to ‘Cavendish’ (Figure 5-12). ‘Asupina’ DMC was 3-6 % lower than 
those of Cavendish at the FG and FR stages respectively. This equates to a 13-
26% difference in DMC between the two cultivars at FG and FR stages 
respectively. A 2.6% reduction in DMC, equivalent to a 13% difference, was 
also observed between the FG and FR stages in ‘Asupina’, whilst a small 
increase of 0.6% DMC (a 2.5% difference) was observed between the 
‘Cavendish’ FG and FR stages. 
 
 
Figure 5-12 Changes in dry matter content between the FG and FR stages of 
‘Asupina’ and ‘Cavendish’ fruits 
DMC of full green (FG) and full ripe (FR) fruits of ‘Asupina’ (Asup) and ‘Cavendish’ (Cav) 
were calculated after freeze drying for 72 hours from triplicate samples. Different letters 
represent significant differences (P < 0.05) in DMC determined by pair-wise Student’s t-test. 
Respective P-vales are given in Appendix XII. Error bars represent SEM.  
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5.3 DISCUSSION  
The overall aim of this chapter was to investigate the role of carotenoid 
degradation and sequestration mechanisms as potential non-transcription 
regulation controls of carotenoid accumulation in banana fruits. Carotenoids 
are known to be broken down to apocarotenoids and smaller volatile 
products by CCDs (Ryle and Hausinger, 2002). Plastid localised CCD4 is a 
member of the CCD family which has been implicated in the degradation of 
carotenoids in flowers (Ohmiya, 2013, Frusciante et al., 2014) and fruits 
(Adami et al., 2013, Brandi et al., 2011, Gonzalez-Jorge et al., 2013, 
Lashbrooke et al., 2013). In the first section of this Chapter, cDNA sequences 
encoding CCD4 in the fruits of ‘Asupina’ and ‘Cavendish’ were isolated and 
compared. Secondly, the expression levels of CCD4 in ‘Asupina’ and 
‘Cavendish’ were determined at different stages of fruit development. 
Finally, functional characterisation of the effect of CCD4 on carotenogenesis 
in banana was devised using a transient CCD4 silencing experiment in 
‘Cavendish’ fruits. 
 
5.3.1 Isolation and expression of CCD4 in banana fruit 
The full coding sequences of CCD4 were amplified from the fruits of 
‘Asupina’ and ‘Cavendish’ using sequence specific PCR in combination with 
RACE. A striking difference between the two coding sequences was that the 
‘Asupina’ CDS was shorter than that of ‘Cavendish’ by 563 bp (Figure 5-1). 
Alignment of deduced amino acid sequences revealed that ‘Asupina’ CCD4 
is truncated at the N-terminal end by 186 amino acids relative to the 
‘Cavendish’ CCD4 (Figure 5-3). Enzymes belonging to the CCD4 family have 
an N-terminal domain for plastid targeting and as such truncation at the N-
terminal end suggests a lack of functional integrity of the ‘Asupina’ CCD4. A 
similarly truncated CCD4 isolated from Crocus sativus and functionally tested 
in E. coli resulted in no carotenoid cleavage products (Rubio et al., 2008). 
Furthermore, an N-terminal truncation of 136 amino acid residues together 
with three independent mutations has been reported to cause a frame-shift 
mutation that disrupts the expression of CCD4 in a yellow fleshed mutant of 
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peach, resulting in the accumulation of carotenoids and hence the yellow-
flesh phenotype (Adami et al., 2013). A similar study also in peach identified 
a transposon insertion in CCD4 that caused a frame-shift in yellow-fleshed 
peaches, in contrast to a functional CCD4 gene in white-fleshed peaches 
(Fukamatsu et al., 2013). Thus, the observed truncation at the 5′ terminus of 
‘Asupina’ CCD4 could result in the formation of a non-functional enzyme 
leading to increased β-carotene accumulation in this genotype. Conversely, 
the putatively deduced ‘Cavendish’ CCD4 amino acid sequence included an 
N-terminal domain, as well as conserved histidine residues that have been 
previously described as typical ligands of a non-haem iron cofactor required 
for di-oxygenase activity (Auldridge et al., 2006) and conserved glutamates 
and aspartates which are used to fix iron-ligating histidines (Kloer and 
Schulz, 2006). The combined presence of these features suggests that the 
‘Cavendish’ CCD4 is more likely to be functional, with respect to carotenoid 
cleavage, relative to the truncated ‘Asupina’ CCD4.  
Generally the expression of CCD4 was higher during fruit 
development in ‘Cavendish’ than in ‘Asupina’. CCD4 expression had a 
significant negative correlation with β-carotene accumulation in ‘Cavendish’ 
fruits (P = 0.027). This correlation was particularly well demonstrated at the 
S6 stage of ‘Cavendish’ fruit development where the lowest level of β-
carotene was recorded, coupled with the highest CCD4 expression. CCD4 
enzymes cleave carotenoids at the 9,10 (9′,10′) double bond position leading 
to the formation of β-ionone and other fruit and flower apocarotenoids 
(Rubio-Moraga et al., 2014, Brandi et al., 2011). Specifically, CCD4-related 
degradation of carotenoids has been reported to be responsible for lower 
levels of β-carotene in peach (Brandi et al., 2011), chrysanthemum (Ohmiya, 
2013) and Arabidopsis (Gonzalez-Jorge et al., 2013). Further, suppression of 
CCD4 expression in Arabidopsis resulted in an 8.4-fold increase in β-carotene 
content during seed development relative to wild type controls (Gonzalez-
Jorge et al., 2013).  
Thus, coupled with the presence of the conserved regions in the 
putative amino acid sequence as discussed above, the higher expression level 
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of CCD4 in ‘Cavendish’ could be responsible for the low levels of β-carotene 
in this genotype. Conversely, the lower levels of CCD4 expression, coupled 
with the unlikely functionality of the enzyme supports the possibility that a 
lack of CCD4 activity in ‘Asupina’ fruits could contribute to the higher β-
carotene content in fruits of this cultivar, relative to ‘Cavendish’. However, in 
‘Asupina’ the accumulation of carotenoids occurs very rapidly late in 
development when the fruits approach maturity and during ripening, and if 
as discussed the ‘Asupina’ CCD4 is not functional, it is unlikely that this 
rapid accumulation is due to low levels of CCD4 expression at the later 
stages of development, as this would make little difference with respect to a 
non-functional enzyme. This suggests that although a lack of active CCD4 
expression may in part contribute to higher carotenoid levels in ‘Asupina’ 
than ‘Cavendish’, it is unlikely to be the predominant underlying factor 
regulating the rapid accumulation and extreme levels of carotenoids 
characteristically observed in mature fruits of this cultivar.  
 
5.3.2 CCD4 silencing in ‘Cavendish’ banana fruits 
Following the isolation and study of CCD4 expression in banana and the 
deduced hypothesis that CCD4 activity may be regulating the low levels of 
carotenoid observed in ‘Cavendish’ fruit, an RNAi strategy was devised to 
investigate whether silencing CCD4 expression could elevate carotenoid 
accumulation in this cultivar. A CCD4-RNAi construct was delivered into 
fruits using the needle free injection system, Injex-30TM. Notably, 
Agrobacterium infiltration of banana fruits using this method was an entirely 
novel approach. It had been tested previously only in kiwi fruits (R. Hellens, 
QUT, pers. comm.)  
In an initial screening, multiple developmental stages of fruits were 
infiltrated with the CCD4-RNAi construct. However, elevated levels of 
carotenoids were only detected in fruits at S5. It is possible that this could be 
attributed to the early expression of CCD4 which is highest at S6 (Figure 5-4). 
Hence the early timing of delivery and expression of the RNAi cassette (at 
S5) prior to peak expression of the target gene (at S6) could increase levels of 
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carotenoids by reducing CCD4 expression at a point it would normally be 
increasing. A possible explanation for why a similar effect was not detected 
in S4 fruit could lie in the transformation efficiency of the tissue at that stage 
of development. Efficiency of agro-infiltration varies from host to host and 
from tissue to tissue, some seeming recalcitrant to the technique (Wroblewski 
et al., 2005). The reasons for the differences in efficiency are not well 
described, but topological factors such as compactness of the tissue, 
innervation pattern and bacteria-host compatibility factors have been 
proposed as potential impediments (Orzaez et al., 2006). In the current study, 
large amounts of sap and gelatinised starch in the early fruit stages were 
observed, which could have reduced the transformation efficiency of these 
tissues. The lowest level of GUS activity detected by histochemical GUS 
assay was observed in the S4 fruit. The later developmental stages (S6 – S9) 
had higher GUS activity; potentially due to higher transformation efficiencies 
in these tissues due to reduced fruit sap. No increase in carotenoid content 
was observed in these later tissues when infiltrated with the CCD4-RNAi 
construct. It is possible that no increase was detected in carotenoid 
accumulation in the S6 fruit as CCD4 expression peaks at this stage, thus 
infiltration of the silencing construct at the same point i.e. when expression 
has already peaked, is too late to have an effect. In stages S8 and S9 fruits 
CCD4 expression is much lower and carotenoid contents begin to increase 
relative to earlier stages. Again, it is likely that infiltration of the silencing 
construct at these stages is too late to have an effect on carotenogenesis. It is 
important though to note that entire fruits were processed for carotenoid 
extraction and analysis following infiltration; however total fruit infiltrations 
were not achieved. As such, more discreet changes in carotenoid content may 
have been masked by the carotenoid accumulation patterns in un-infiltrated 
tissues. Stable Agrobacterium mediated transformation of ‘Cavendish’ with a 
CCD4-RNAi construct could provide more conclusive results regarding the 
effect of CCD4 silencing on carotenogenesis fruits across all stages of 
development. Accordingly, a CCD4-RNAi construct has now been generated 
under the transcriptional control of a fruit specific ACO promoter (C. 
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Mortimer, QUT, pers. comm.). This construct will be used for the stable 
Agrobacterium mediated transformation of banana plants which will be 
assessed in field trials as part of the GCGH Banana21 project at QUT (J. Dale, 
QUT, pers. comm.).  
Following the initial infiltration screening, multiple biological 
replicates of S5 fruits were analysed and slightly higher levels of β-carotene 
and lutein were detected in CCD4-RNAi infiltrated fruits compared to 
vector-only and non-infiltrated controls (Figure 5-8). Since CCD4 cleaves the 
9,10/9’,10’ double bonds found in β-carotene, lutein, neoxanthin and 
violaxanthin (Harrison and Bugg, 2014),  these observations are consistent 
with the hypothesis that CCD4 silencing could lead to increased β-carotene 
content in banana fruit. In the current experiment, β-carotene levels appeared 
to be more affected than lutein, suggesting that the banana CCD4 activity 
might be more specific to β-carotene substrates. This observation is similar to 
those made in peach where CCD4 transcript levels showed a strong inverse 
correlation with β-carotene content in white-fleshed fruits. CCD4 silencing 
has been tested previously in chrysanthemum and potato. Stable 
transformation of white-flowered chrysanthemum cultivars with CCD4-
RNAi constructs resulted in the formation of yellow flower petals in 
transgenic lines with 3-6-fold increase in β-carotene content (Ohmiya et al., 
2006). Similarly, a constitutive CCD4-RNAi approach in potato resulted in a 
2-5 fold increase of carotenoid content compared to controls (Campbell et al., 
2010). However, the increased carotenoid content in the transgenic potatoes 
was primarily due to elevated violaxanthin content, suggesting violaxanthin 
is the in vivo substrate for CCD4 in potato (Rubio-Moraga et al., 2014). CCD4 
silencing in potatoes resulted in increases in CCD4 transcripts in organs other 
than the tubers and elevated carotenoid content in the petals, as well as 
phenotypic changes such as heat sprouting, formation of chain tubers, and 
elongated tuber shape (Campbell et al., 2010). CCDs are known to catalyse a 
vast array of different cleavage steps giving rise to both volatile and non-
volatile apocarotenoids, with functions including aromas, allelopathic 
substances or hormone-like substances (e.g. strigolactones). The results from 
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potato suggest that CCD4 cleavage products may also have a signalling role 
in plant growth, at least in respect to tuber heat responses. Alternatively, it 
has been postulated that in potato CCD4 silencing might redirect the flux of 
metabolites towards other cleavage pathways with a signalling role such as 
NCEDs, giving rise to ABA and/or CCD7/8, giving rise to strigolactones 
(Giuliano, 2014). It would be interesting to further constitutively silence 
CCD4 in stably transformed ‘Cavendish’ to reveal if the CCD4 cleavage 
product in banana might also be involved in a signalling pathway.  
 
5.3.3 Carotenoid deposition and sequestration in banana 
Steady-state levels of carotenoids are affected by the rates of biosynthesis, 
degradation and sequestration mechanisms (Walter and Strack, 2011). As the 
biosynthetic site and main sink for carotenoids in flowers and fruit the 
development of chromoplasts from other types of plastid has been strongly 
linked to carotenoid accumulation. The increased number and size of 
chromoplasts have been reported to be responsible for carotenoid 
accumulation in papaya (Schweiggert et al., 2011b), pepper (Kilcrease et al., 
2013), tomato (Nogueira et al., 2013), citrus (Peng et al., 2013) and in squash 
(Zhang et al., 2014). Thus, a comparison of plastid structure in FG and FR 
fruits of ‘Asupina’ and ‘Cavendish’ was undertaken to determine whether a 
potential variation in carotenoid metabolic sink capacity could account for 
the massive differences in carotenoid accumulation between the two 
genotypes at these stages. 
 ‘Asupina’ contained far more undifferentiated plastids of varying 
sizes compared to ‘Cavendish’ at the FG stage (Figure 5-9) Also in ‘Asupina’, 
a direct transition of amyloplasts and other pro-plastids into structures 
consistent in appearance with chromoplasts were observed (Figure 5-10). 
This transition was not observed in ‘Cavendish’ fruits. Thus, stimulation of 
chromoplast differentiation from non-coloured plastids appears to be the key 
factor for the massive differences in the carotenoid content of ‘Asupina’ and 
‘Cavendish’ fruits. A similar observation has recently been reported in winter 
squash during storage, in which massive β-carotene accumulation was 
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attributed to reduced turnover and enhanced sequestration (Zhang et al., 
2014). In winter squash, Zhang et al. (2014) also observed that the increased 
carotenoid content resulted from the conversion of amylochromoplasts into 
chromoplasts during storage, rather than from increased carotenoid gene 
expression. Notably however, the transition from amylochromoplasts to 
chromoplasts in winter squash occurred over a much longer period of time 
(3-4 months storage) than observed in ‘Asupina’ fruits in which the natural 
transition from FG to FR occurs in ~2-3 weeks. 
A similar transition from non-coloured plastids to orange 
chromoplasts has also been observed in an orange curd mutant variety of 
cauliflower. In this variety an Or gene mutation has been identified that 
confers the orange pigmentation  due to the formation of chromoplasts, 
providing a metabolic sink to deposit and sequester carotenoids, without a 
significant influence on the expression of carotenoid biosynthesis genes (Lu 
et al., 2006). The Or gene encodes a Cysteine-rich, DNAJ-like molecular 
chaperone. The Or mutation is due to the insertion of a long terminal repeat 
retrotransposon in the WT allele which induces the formation of 
chromoplasts from non-coloured plastids (Lu et al., 2006). The carotenoid 
species predominantly sequestered in mutant cauliflower chromoplasts is β-
carotene. This is also consistent with the carotenoid profile of the ripe 
‘Asupina’ fruits and stored winter squash. Thus, is appears that the 
regulation of carotenoid biosynthesis in the cauliflower curd mutant, 
‘Asupina’ bananas and stored winter squash is controlled by a similar non-
transcriptional mechanism, i.e. due to the transition of non-coloured plastids 
to chromoplasts. Conversely, in the orange cauliflower curd mutant 
chromoplasts are observed from the onset of curd emergence, not upon 
tissue maturity as observed in ‘Asupina’, suggesting the underlying 
mechanism regulating the observed plastid transition might vary between 
the two, i.e. plastid transition appears to be developmentally regulated in 
‘Asupina’ fruit unlike in cauliflower curd. 
No carotenoid containing structures could be identified in the tissues 
of FG or FR stages of ‘Cavendish’ fruits, presumably due to the low levels of 
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carotenoids that accumulate in this cultivar. Therefore, a microscopy study of 
‘Cavendish’ bananas engineered to have elevated carotenoid levels was 
undertaken. The transgenic banana plants accumulate up to 14-fold more 
carotenoids in fruits relative to WT controls (J. Dale, QUT, pers. comm.). These 
were generated at QUT as part of the GCGH Banana21 project by over-
expressing a maize PSY1 gene. Numerous deposits of deep orange/red 
carotenoid crystals were observed in the cells of the transgenic FG and FR 
fruits (Figure 5-11). This observation suggests that no chromoplasts were 
observed in WT ‘Cavendish’ fruits not due to the low levels or carotenoids 
present, but because ‘Cavendish’ fruits do not have the same capacity as 
‘Asupina’ for developing these structures. Interestingly, similar crystalline 
structures to those observed in the transgenic ‘Cavendish’ fruits have also 
been observed in non-green tissues of transgenic Arabidopsis plants over-
expressing PSY (Maass et al., 2009). Therefore, it appears that the 
sequestration of carotenoids into crystals resulting from high activity of PSY 
can happen in the absence of a chromoplast developmental programme as a 
consequence of enhanced carbon flux through the pathway. In wake of these 
results it appears that the major underlying factor accounting for the massive 
variation in carotenoid accumulation between ‘Asupina’ and ‘Cavendish’ 
fruits is due to a non-transcriptional regulation mechanism; namely a 
variation in the sink capacity for stably storing and sequestering carotenoids.  
 In order to continue further investigations into the Or mutant-like 
phenotype of ‘Asupina’, and to investigate its potential as an alternative 
biofortification strategy for banana, the mutant cauliflower Or gene (Li et al., 
2012) has now been cloned into an expression vector under the control of a 
fruit specific promoter for stable transformation of ‘Cavendish’ (C. Mortimer, 
QUT, pers. comm.). The Or transgenic plants will be evaluated alongside the 
CCD4 RNAi transgenic plants in field trials for the GCGH Banana21 project 
(J. Dale, QUT, pers. comm.). If the transgenic Or banana fruits produce similar 
structures to the chromoplasts observed in ‘Asupina’ it would further affirm 
that this phenotype is truly due to an Or-like mutation. Ideally the isolation 
and examination of chromoplasts and carotenoid sequestering from these 
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transgenic plants would be compared to those of WT ‘Asupina’ using a 
mixture of electron microscopy, proteomic and HPLC-PDA analysis. This 
would enable further details such as whether or not the chromoplasts 
produced are globular- or contain crystals. High-power microscopic analysis 
might also reveal how these chromoplasts are developed i.e. directly from 
amyloplasts or from both amyloplasts and proplastids. Such details could be 
important for understanding the regulation of carotenoid biosynthesis in 
banana. Notably, examination of ‘Asupina’ and ‘Cavendish’ fruit sections 
using TEM in the current study was attempted but inconclusive due to loss 
of firm fruit texture in the FR stages and very high starch contents of FG 
sections, both of which rendered tissue processing extremely difficult and 
variable. As a result, comparable images of the cellular structures from 
samples of both cultivars could not be obtained.  
The ultimate conclusion for this work would be to identify and 
characterise the gene underling chromoplast formation in ‘Asupina’. The 
identification of such a gene could open new dimensions and strategies for 
PVA improvement in Musa spp. and other crops. It could be used as a 
selectable marker for plant breeders to enable fast and accurate screening 
and selection of plants with high carotenoid levels following conventional 
crossings involving ‘Asupina’, and also provide a cisgenic alternative to the 
cauliflower Or gene for banana biofortification projects. A similar Or-based 
biofortification strategy has been used successfully in potato; expression of 
cauliflower Or under the transcriptional control a potato granule-bound 
starch synthase promoter in the potato cultivar ‘Desiree’ resulted in an 
increase in carotenoid accumulation of 6-10 fold of that observed in fresh and 
cold-stored wild type tubers, respectively (Lopez et al., 2008). Interestingly 
the β-carotene content of tubers stored at 5 ˚C for 5 months  increased 20 fold 
relative to that first observed in fresh tubers (Li et al., 2012). 
 Finally, following the observation that starch granule size appeared to 
vary between the ‘Cavendish’ and ‘Asupina’ the dry matter content (DMC) 
of FG and FR fruits from the two cultivars was compared. DMC is an 
extremely important nutritional quality attribute for staple crops. FG 
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‘Asupina’ had a significantly lower DMC than ‘Cavendish’ (P = 0.013), which 
became more pronounced at the FR stage (P = 0.006, Figure 5-12). It is 
possible that this difference could be due to the high carotenoid content of 
‘Asupina’ which could be displacing starch at the FG stage, further 
exacerbated by the transition of amyloplast to chromoplasts at the FR stage. 
Reductions in DMC has been an eminent challenge in the development of 
high PVA biofortified cassava for Africa and Asia (Ceballos et al., 2013). 
Expression of a phytoene synthase gene (CRTB) from Erwinia uredovora, and 
a DXS gene from Arabidopsis under the control of a potato patatin root-
specific promoter resulted in a reduction of DMC from 40.7 to 20.2% (Failla et 
al., 2012). Similarly, high PVA cultivars of sweet potato produced in a 
conventional breeding program, were deemed unsuitable for local 
cultivation in Uganda due to a low DMC (Mwanga and Ssemakula, 2011). 
The correlation between low DMC with elevated carotenoid levels has not 
been well investigated. In cassava, it has been postulated that this may be 
related to the plant’s physiological status in respect to relative water content 
rather than a true linked trait, but this has not been tested experimentally 
(Ceballos et al., 2013). As mentioned above, an Or transgenic strategy is being 
investigated by the GCGH Banana21 project for the biofortification of 
banana. However, it should be noted that, observation of chromoplasts such 
as those seen in ‘Asupina’ could result in potential DMC penalties. Thus, it is 
essential that such qualitative attributes be compared in resulting transgenics 
and further in all PVA biofortified crops produced via transgenic or 
traditional means, relative to their conventional counterparts.  
 
5.3.4 Conclusion  
This chapter reports the isolation of CCD4 gene paralogues from banana, 
specifically from ‘Asupina’ and ‘Cavendish’ cultivars, for the first time. 
Functional characterisation using RNAi induced gene silencing of the CCD4 
gene demonstrated that β-carotene degradation by CCD4 in ‘Cavendish’ 
could be responsible for the low levels of accumulation in this genotype. 
Comparisons of plastid structures between the cultivars indicated that 
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‘Asupina’ deposits large amounts of carotenoid in chromoplasts, whereas 
‘Cavendish’ lacks a similar plastid metabolic sink. This suggests that the key 
regulatory mechanisms underlying the carotenoid accumulation levels in 
both ‘Cavendish’ and ‘Asupina’ are non-transcriptional mechanisms, albeit 
different ones, rather than direct transcriptional regulation by the carotenoid-
related biosynthesis genes studied in Chapter 4. In ‘Cavendish’ fruit 
enzymatic degradation appears to be important in regulating low levels of 
carotenoids, whilst ‘Asupina’ fruit accumulates high levels of carotenoids 
predominantly due to the development of a large metabolic sink. Stable 
transformation of bananas with a CCD4-RNAi cassette and also the 
cauliflower Or-gene is being undertaken as a result of this study within the 
GCGH Banana21 project at QUT, to further explore these strategies for 
biofortification purposes. 
 
 Chapter 6: General discussion and conclusion 171 
Chapter 6: General discussion and conclusion 
The overall aim of this project was to investigate the underlying regulatory 
mechanisms that control the colour variation, and differential carotenoid 
accumulation in the fruits of ‘Asupina’ and ‘Cavendish’ banana cultivars. 
Numerous studies have reported the importance of transcriptional 
regulation for carotenoid biosynthesis across  plant species (Zhang et al., 
2012a, Tuan et al., 2012, Alquezar et al., 2013, Clotault et al., 2008, Hannoufa 
and Hossain, 2012, Meier et al., 2011, Moreno et al., 2013, Yamamizo et al., 
2010). However, these investigations have, more often than not, also 
recognised the complementary roles of other non-transcriptional 
mechanisms in maintaining a steady state of accumulated carotenoids, rather 
that transcriptional regulation alone. In order to investigate the role of 
transcriptional regulation in carotenoid biosynthesis in banana, key putative 
carotenoid pathway-related genes were isolated from the two cultivars 
(Chapter 3) and their expression levels were quantified by RT-qPCR analysis 
(Chapter 4). Also in Chapter 4, the various degrees of association between 
gene expression levels and carotenoid accumulation patterns at different 
stages of fruit development were determined by correlation analyses. The 
results of these analyses reflect the consensus of most plant based carotenoid-
related studies in that in banana, transcriptional regulation alone is 
insufficient to explain differential carotenoid accumulation patterns.  On this 
basis, non-transcriptional regulatory mechanisms were explored including 
carotenoid degradation and sequestration (Chapter 5). 
 
6.1. ISOLATION OF CAROTENOID PATHWAY-RELATED GENES 
The genes involved in carotenoid biosynthesis occur in various paralogous 
forms in different plant species (Young et al., 2012, Saladié et al., 2014, 
Cordoba et al., 2011). All three genes isolated in this project were found to 
have multiple paralogues in various locations, often on different 
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chromosomes, in the banana genome (D/'Hont et al., 2012). The existence of 
gene paralogues in banana is mainly attributed to duplication events during 
evolution (D/'Hont et al., 2012). Duplicated genes are usually neutralised or 
deleted when the higher expressed copy is present in the genome (Schnable 
et al., 2011). However, several carotenoid gene paralogues have been 
reported to be differentially expressed in different plant tissues and cellular 
compartments, including DXS (Paetzold et al., 2010), GGPS (Okada et al., 
2000), PSY (Dibari et al., 2012, Mlalazi et al., 2012) and LCYB (Devitt et al., 
2010) amongst others, whereas other paralogues have no known functions. 
Some carotenoid pathway-related genes are more critical with respect to 
regulation of the pathway than other genes. For example, PSY encodes the 
first committed and rate-limiting step in carotenoid biosynthesis and an 
increase in expression of this gene has in many instances been correlated 
with an up-regulation of the entire carotenoid pathway. In addition to 
encoding a rate limiting enzyme, the expression of PSY paralogues are often 
tissue specific and those isolated from different hosts encode enzymes of 
varying activities. For example, functional analysis of PSY1 and PSY2a from 
‘Asupina’ in rice callus and E. coli has been used to demonstrate that 
‘Asupina’ PSYs have approximately twice the enzymatic activity of 
corresponding ‘Cavendish’ PSYs (Mlalazi et al., 2012). Such critical steps 
have been targeted for the manipulation of carotenoid and other isoprenoid 
biosynthesis pathways in many plant species and tissues. A number of 
successful manipulations of carotenoid biosynthesis pathways for enhanced 
carotenoid levels were reviewed in Chapter 1, Section 1.6. Notably, PSY 
genes from different plant sources and its equivalent (CRTB) from bacteria 
(Erwinia uredovora) have been widely used transgenes in attempts to direct 
the flux of metabolites to the carotenoid branch of the isoprenoid pathway 
(Section 1.6, Table 1-1). Either used singly or in combination with other 
carotenoid and isoprenoid genes, PSY transgenic approaches have been very 
successful for example, in Golden Rice 1 and 2 (Ye et al., 2000, Paine et al., 
2005), potato (Diretto et al., 2007), maize (Naqvi et al., 2009) and banana (J. 
Dale, QUT, pers. comm.).  
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Here fruit expressed DXS, GGPS and LCYB genes were isolated from 
two different cultivars of banana fruit. To our knowledge, this is the first 
such report regarding the isolation of these genes, for both ‘Cavendish’ and 
‘Asupina’. There are successful examples where each of these genes isolated 
from alternative hosts have been used in transgenic strategies to enhance 
plant traits. For instance, the co-expression of an Arabidopsis DXS paralogue 
in combination with CRTB has been reported to have increased the total 
carotenoid content of transgenic cassava tubers 50-fold compared to non-
transgenic controls (Sayre et al., 2011). Interestingly, the over-expression of 
GGPS has been utilised for varying purposes. For example, over-expression 
of GGPS isolated from sunflower (Helianthus annuus) has been found to 
promote faster growth and increased biomass of plants (Ryu and Sandeep, 
2013), whilst over-expression of GGPS in combination with carotenoid 
specific biosynthesis genes has been used as a strategy to increase carotenoid 
levels in both kiwifruit and canola (Kim et al., 2010b, Ravanello et al., 2003). 
Also, over-expression of LCYB in combination with CRTB and CRTI resulted 
in a massive (3,600-fold increase) in β-carotene accumulation in transgenic 
maize (Naqvi et al., 2009). The genes isolated here may similarly provide a 
valuable resource for future metabolic engineering strategies, particularly as 
they can be used as cisgenes within banana which may eventually lessen the 
safety concerns about genetically modified crops (Schouten et al., 2006). 
Cisgenics, i.e. the transfer of genes between naturally crossable/sexually 
compatible species is an innovative approach being advocated for a special 
classification distinct from traditional transgenic plants (Lusser et al., 2012). 
Notably, the isolated banana cisgenes offer targets to alter carotenoid species 
profiles: for example LCYB may confer an enhancement of the β- rather than 
the α-branch of the carotenoid biosynthetic pathway for PVA biofortification 
programmes. Furthermore, the enzyme paralogues isolated from ‘Asupina’ 
may have higher activities than those of low carotenoid accumulating 
cultivars, as was the case for the previously discussed PSY. Thus they could 
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confer higher carotenoid levels if utilised for metabolic engineering strategies 
in low accumulating cultivars.  
 
6.2. TRANSCRIPTIONAL REGULATION OF CAROTENOID 
ACCUMULATION DURING BANANA FRUIT DEVELOPMENT  
Carotenoid accumulation over the course of fruit development of was 
documented in banana for the first time in this study. The amount of lutein, 
β-carotene, α-carotene and subsequently total carotenoids were determined 
by HPLC-PDA on a three-weekly interval from bunch emergence to full 
ripening. Carotenoids were found to accumulate primarily in the late stages 
leading to ripening in the two cultivars. ‘Asupina’ accumulated over 80-fold 
more β-carotene than ‘Cavendish’. It was hypothesised therefore that the 
massive difference in carotenoid accumulation between the two cultivars 
might be the result of an increased flux of carotenoids through the 
biosynthetic pathway in ‘Asupina’ due to higher expression levels of key 
carotenoid- related genes i.e. transcriptional regulation. Thus, following the 
isolation of key carotenoid pathway-related genes (Chapter 3), 
transcriptional regulation was investigated (Chapter 4).  
It has been reported previously that increased transcript levels of key 
carotenoid pathway-related gene paralogues strongly correlate with 
carotenoid levels in fruits and flowers. For instance, in melon (Cucumis melo), 
the expression of DXS2 alleles are induced in flowers and ripening fruits of 
orange-fleshed varieties, coinciding with β-carotene accumulation, whereas 
DXS1 expression is induced (up to 24-fold increases in expression) by light 
exposure (Saladié et al., 2014). This finding suggests that DXS paralogues in 
melon are functionally specialised. A related study in satsuma, mandarin 
and orange (Citrus spp.), showed that DXS1 and PSY1 expression is 
positively correlated with carotenoid accumulation in the fruit flesh during 
plant development (Peng et al., 2013). Similarly, transcript levels of PSY1, 
PSY2, and LCYB were found to correlate with carotenoid content in mature 
tritordeum wheat grains (Rodríguez-Suárez et al., 2014). However other 
studies have found no association between transcript abundance and 
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carotenoid accumulation. For example, Clotault et al. (2008) found no 
correlation between PSY1 and LCYB expression with carotenoid 
accumulation during carrot root development, suggesting that other 
mechanisms were operational. In orange-coloured Osmanthus fragrans 
flowers, carotenoids continue to accumulate even when PSY transcript levels 
are constant, whereas CCD4 is strongly expressed in petals of light-yellow 
cultivar flowers (Han et al., 2013). 
In the current study, variable expression levels of all the assessed 
genes were observed at different stages of fruit development for both 
‘Asupina’ and ‘Cavendish’. However, most of the observed gene expression 
levels did not correlate well with total carotenoid levels. Only GGPS had a 
positive correlation with carotenoid accumulation in both cultivars, whilst 
LCYB had a positive correlation with total carotenoid accumulation only in 
‘Cavendish’. However these positive associations were not statistically 
significant (P > 0.05).  
An interesting outcome from the correlation of gene expression and 
carotenoid accumulation patterns was the evidence for a switch from the α-
branch of the carotenoid pathway being favoured during early stages of 
‘Asupina’ fruit development, to the β- branch being favoured in late (FG-FR) 
stages. This was revealed by a significant positive correlation of PSY2a 
expression and lutein accumulation (P = 0.023). During early stages on fruit 
development lutein was the predominant carotenoid, followed by a change 
in the carotenoid profile to β-carotene being the predominant species in FG-
FR fruit. Notably, the increase in β-carotene accumulation in FG-FR fruits did 
not correlate with a change in LCYB expression, suggesting the underlying 
regulatory mechanism for this switch was non-transcriptional. Thus, in 
‘Asupina’ transcriptional regulation appears to be more important during the 
early stages of fruit development whilst other regulatory mechanisms appear 
to be responsible for the deposition and sequestration of carotenoids in the 
later stages. Conversely, in ‘Cavendish’, the α-branch of the carotenoid 
biosynthetic pathway appeared favoured throughout development as lutein 
was consistently the predominant carotenoid. However, it was noted that 
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this pattern could also be explained by enzymatic cleavage/degradation of β-
branch products, such as β-carotene in ‘Cavendish’ fruits. In wake of these 
observations, the roles that plastid development (carotenoid sequestration) 
and degradation might play in the regulation of carotenoid accumulation in 
banana fruits were explored (Chapter 5). 
 
6.3. NON-TRANSCRIPTIONAL REGULATION OF CAROTENOID 
BIOSYNTHESIS 
To investigate the possible role of enzymatic degradation in the negative 
regulation of carotenoid accumulation in banana, fruit expressed CCD4 
genes were isolated from both ‘Asupina’ and ‘Cavendish’. CCD4 expression 
levels were then measured across fruit development and correlations with 
carotenoid accumulation patterns investigated. A significant negative 
correlation between CCD4 expression and carotenoid accumulation (P = 
0.027) suggested possible CCD4-mediated degradation of carotenoids in 
‘Cavendish’. Functional characterisation of CCD4 through transient silencing 
in ‘Cavendish’ fruits resulted in a small increase in total carotenoids at S5. 
This was predominantly due to an increase in β-carotene supporting the 
hypothesis that carotenoid accumulation, particularly β-carotene, is 
negatively regulated in ‘Cavendish’ by CCD4 expression. A fruit specific 
CCD4-RNAi construct based upon the one developed in this study is now 
being used for the stable Agrobacterium mediated transformation of banana 
plants as part of the GCGH Banana21 project at QUT (J. Dale, QUT, pers. 
comm.). However, it should also be noted, that the aroma and scent of 
‘Cavendish’ bananas, which are due to the synthesis of apocarotenoids and 
other volatiles, may also to be affected by CCD4 silencing in these plants. 
This approach though will hopefully provide additional evidence for the role 
of CCD4 in regulating carotenoid accumulation in ‘Cavendish’. Ideally also 
in the future, functional characterisation of the isolated ‘Cavendish’ CCD4, 
should be undertaken, for example in a heterologous system such as E. coli, 
to identify the product specificity of the enzyme (Huang et al., 2009). 
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In ‘Asupina’, the 5’ terminal end of the putatively encoded CCD4 
enzyme which is critical for plastid targeting, was found to be truncated. It is 
highly likely therefore that the CCD4 protein produced in ‘Asupina’ is not 
functional which might contribute to the higher accumulation of carotenoids 
in this cultivar. However, despite strong evidence that CCD4 does not 
encode a functional enzyme in ‘Asupina’, it is unlikely to be the underlying 
mechanism for the massive levels of carotenoids observed in FG-FR fruit, as 
this accumulation occurs suddenly rather than across fruit development. As 
such, plastid structure, as an indication of carotenoid sink capacity, was 
compared between the two cultivars. 
‘Asupina’ contained far more undifferentiated plastids of varying 
sizes compared to ‘Cavendish’ at the FG stage and also, a direct transition of 
amyloplasts and other pro-plastids into structures consistent in appearance 
with chromoplasts at the FR stage. Such a transition was not observed in 
‘Cavendish’ fruits. The chromoplasts observed in the FR ‘Asupina’ fruits 
were remarkably similar to those observed very recently in winter squash 
following storage (Zhang et al., 2014). In winter squash, the formation of 
chromoplasts from amyloplasts, and thus a large increase in carotenoids was 
observed to occur gradually (over 3 months) of storage. This was not due to 
increased biosynthesis, but reasoned to be likely the result of continuous 
biosynthesis with possibly reduced turnover and/or enhanced storage sink 
strength due to the formation of chromoplasts during storage (Zhang et al., 
2014). The resulting chromoplasts after three months of storage were almost 
identical to those observed in FR ‘Asupina’ fruit. However, the transition 
from amyloplasts to chromoplasts in ‘Asupina’ occurs rapidly rather than 
over months, suggesting a more tightly regulated trigger may cause the 
chromoplasts to develop in ‘Asupina’. Chromoplasts have enhanced storage 
sink strength, thus when these are formed in banana carotenoids then 
accumulate rapidly. It is possible that the trigger underlying the rapid 
transition of amyloplasts and non-coloured plastids in ‘Asupina’ to 
chromoplasts is caused by a mutation similar to that observed in the orange 
curd mutant  (Or) variety of cauliflower. In this mutant Or is associated with 
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a cellular process that triggers the differentiation of proplastids or other non-
coloured plastids into chromoplasts conferring high carotenoid accumulation 
levels (Li et al., 2001), as discussed in Chapter 5. Conversely however, in the 
orange curd cauliflower mutant chromoplasts are observed from the onset of 
curd emergence, not upon maturity of the tissue as observed in banana. This 
suggests that the underlying mechanism or at least the regulation of the 
mechanism controlling the development of chromoplasts from non-coloured 
plastids might vary somewhat between the two; it appears to be a 
developmentally regulated process in banana pulp, but not in cauliflower 
curd. 
Interestingly, no carotenoid containing structures were identified in 
the tissues of FG or FR stages of ‘Cavendish’ fruits. Numerous deposits 
however, of deep orange/red carotenoid crystals were observed in the cells 
of transgenic ‘Cavendish’ pulp tissue with elevated levels of carotenoids. 
This observation suggests that no chromoplasts were observed in WT 
‘Cavendish’ fruits because ‘Cavendish’ fruits do not have the same capacity 
as ‘Asupina’ for developing these structures, rather than being due to the low 
levels of carotenoids already present. This has particular relevance for 
biofortification strategies targeting the over-expression of carotenoid 
biosynthesis genes or down regulation of cleavage enzymes, such as use of 
the CCD4-RNAi construct as discussed above, because it suggests that the 
extremely high levels of carotenoids observed in ‘Asupina’ are unlikely to be 
reached in cultivars such as ‘Cavendish’ without the additional trait of a 
strong metabolic sink.  
Since green cooking bananas, like many staple crops, accumulate low 
levels of carotenoids and high levels of starch, a trigger for the development 
of a strong storage sink structure such as the conversion of amyloplasts to 
chromoplasts observed in ‘Asupina’, could be used to develop staple crops 
with improved capacity to synthesize and stably accumulate vast quantities 
of carotenoids. It would be essential though, that qualitative attributes such 
as starch levels and DMC be compared in newly developed crops; as such a 
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strategy could have potentially pleiotropic effects on these parameters 
(Chapter 5). 
 
6.4. FURTHER POTENTIAL REGULATORY MECHANISMS 
The deep-orange colour of ‘Asupina’ ripe fruit is primarily due to a massive 
accumulation of β-carotene in the chromoplasts. By way of contrast, 
‘Cavendish’ ripe fruits which are pale-yellow, lack a strong storage sink and 
accumulate much lower levels of total carotenoids, consisting predominantly 
of lutein. Surprisingly, the expression of carotenoid pathway–related genes 
was not significantly different between the two cultivars (P > 0.05). This is an 
indication that non-transcriptional processes may play a more important role 
in regulating the flux of metabolites through the isoprenoid metabolic 
pathway in banana, rather than transcriptional regulation of specific 
carotenoid related biosynthetic genes. Such regulation was investigated with 
respect to degradation and storage sink capacity levels in the present study. 
However, additional regulation mechanisms could occur at other levels too, 
including environmental (particularly light) effects, higher regulation 
through transcription factors, metabolic feedback mechanisms and metabolic 
cross-talk. The potential effects of incident light effects and light-interacting 
transcription factors (e.g. PIF) on carotenoid biosynthesis in banana were 
discussed comprehensively in Chapter 4, Section 4.3.3. Additionally, 
transcriptional and non-transcriptional mechanisms with respect to general 
carotenoid regulation in plants were also discussed in Chapter 1 Section 1.5. 
 The net carotenoid content in a plant is constantly regulated 
depending on developmental needs and in response to prevailing 
environmental cues (Cazzonelli and Pogson, 2010). Metabolite feedback is 
another mechanisms by which plants modulate the supply of isoprenoid 
substrates for carotenoids and ABA biosynthesis (Cazzonelli and Pogson, 
2010). Positive and negative feedback controls exist within the carotenoid, 
MEP and related hormone pathways (Cazzonelli, 2011). For example, the 
over-expression of DXS alone had no effect on carotenoid accumulation in 
dark-grown Arabidopsis seedlings, however, PSY over-expression resulted in 
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enhanced carotenoid accumulation and a concomitant post-transcriptional 
accumulation of DXS (Rodríguez-Villalón et al., 2009). This finding shows 
that the level of DXS protein is regulated by the pool of downstream 
metabolites, particularly IPP and DMAPP. Further evidence in support of 
this hypothesis was demonstrated in maize seedlings treated with the MEP 
inhibitor, fosmidomycin, which resulted in increased accumulation (~10 fold) 
of DXS protein (Cordoba et al., 2011). Fosmidomycin inhibits the activity of 
DXR, the second enzyme in the MEP pathway, and as a consequence the 
levels of IPP and DMAPP are reduced (Laule et al., 2003, Takahashi et al., 
1998). Recently, the mechanism of MEP feedback regulation has been 
demonstrated using a coupled enzyme assay. DMAPP and IDP, the last 
metabolites of the MEP pathway, inhibit DXS, the first enzyme of this 
pathway through competition with thiamine pyrophosphate (TPP) for 
binding with the DXS enzyme (Banerjee et al., 2013). This competitive 
inhibition represents a potentially important metabolic regulation within the 
MEP pathway that plays an important role in controlling the carbon flow 
through this pathway, and thus to the carotenoid pathway (Banerjee et al., 
2013). 
Feedback regulation is not only confined to the upstream enzymes of 
the carotenoid pathway. The control of flux through α- and β-branches of the 
pathway has a major role in modulating the ratio of the most abundant 
carotenoid lutein, to the β-carotenoids by both a mixture of transcriptional 
and feedback regulation. For example, natural genetic variation in maize was 
found to be regulated by LCYE, for which four natural LCYE polymorphisms 
explained 58% of the variation in lutein and β-carotenoids (Harjes et al., 
2008). Further, co-expression of CRTB and CRTI in wheat induced the up-
regulation of endogenous LCYE and LCYB, which co-ordinately switched the 
α-carotene-branch preference over to the β-branch (Wang et al., 2014). 
However, in Brassica napus the down-regulation of LCYE by RNAi in seeds 
showed a higher total carotenoid content, specifically increased levels of β-
carotene, zeaxanthin, violaxanthin and, unexpectedly, lutein (Yu et al., 2008). 
Conversely, tuber-specific silencing of LCYE increased only β-carotene levels 
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in potato (Diretto et al., 2006). These studies support a hypothesis that lutein 
composition is largely rate-determined by LCYE expression, but feedback 
regulation can reveal complex regulatory mechanisms, such as that in B. 
napus (Yu et al., 2008).  
Regulation of the carotenoid pathway has further been demonstrated 
to be closely linked to the biosynthesis and regulation of the plant hormones 
ABA and GA. ABA is formed by the oxidative cleavage of violaxanthin and 
neoxanthin (Nambara and Marion-Poll, 2005), and Gibberellins are 
synthesised from the common precursor GGDP by enzymatic conversion to 
ent-kaurene followed by several oxidative steps to active forms of GA 
(Hedden and Thomas, 2012). The effect of these hormones on carotenoid 
biosynthesis has been investigated in-vitro using juice sacks from three citrus 
varieties (Zhang et al., 2012a). With ABA treatment, the expression of 
carotenoid biosynthesis genes was up-regulated in each citrus variety, 
indicating that ABA induces its own biosynthesis by up-regulating the 
expression of carotenoid biosynthesis genes. This feedback regulation of 
ABA led to decreases in carotenoid content. With GA treatment, the 
carotenoid content was also significantly decreased in the three varieties, 
however the changes in the expression of genes related to carotenoid 
metabolism varied among the three varieties in response  (Zhang et al., 
2012a). Similarly, in rice, ABA biosynthesis as well as salt treatment and 
drought treatments led to an increase in PSY3 expression, indicating this 
carotenoid biosynthesis gene allele plays a specialised tole in abiotic-stress 
induced ABA formation (Welsch et al., 2008).  
Taken together with the findings of the current study, the regulation 
of carotenoid biosynthesis appears to be innately complex involving a 
network of highly coordinated signals that control both the transcriptional 
and non-transcriptional mechanisms at various levels. It is important for 
future biofortification projects to conduct further comprehensive studies to 
understand the key regulatory steps in the pathway that can be precisely 
manipulated for improved and sustainable PVAC enhancements in target 
crops. 
 182 Chapter 6: General discussion and conclusion 
6.5. FUTURE PERSPECTIVES 
Novel, high-throughput technologies are impacting genomic research by 
providing new strategies to analyse the functional complexity of 
transcriptomes (Haas and Zody, 2010). RNA-Seq is a recently developed 
high-throughput sequencing method that uses deep-sequencing technologies 
to produce millions of short cDNA reads. The resulting reads are either 
aligned to a reference genome or reference transcripts, or assembled de novo 
without the genomic sequence to produce a genome-scale transcription map 
that consists of both the transcriptional structure and/or level of expression 
for each gene. The data from a single RNA-seq sample analysis was used in 
this study for gene isolation experiments, as described in Chapter 3. The 
analysis was limited due to cost restrictions. However, a more detailed RNA-
Seq study coupled with data on carotenoid accumulation could provide 
more detailed evidence for any transcriptional regulation mechanisms that 
might affect carotenoid biosynthesis in banana, both with respect to specific 
carotenoid biosynthetic genes, and those that are expressed in competing 
pathways. 
Furthermore, RNAseq and carotenoid accumulation data could be 
coupled with a comprehensive metabolite analysis of banana fruits across 
development and also proteomic analyses. Comprehensive metabolite 
analysis with respect to specific tissues is now possible with a range of 
metabolomic techniques beyond chromatographic ones such as nuclear 
magnetic resonance (NMR), and accurate mass spectrometry (MS) techniques 
(e.g. GC-MS, CE-MS, and macro- and microelement screening by inductively 
coupled plasma MS). (Fraser and Bramley, 2006, Moing et al., 2011). 
Metabolomic data have the potential to improve our understanding of the 
molecular and regulatory mechanisms underlying of the observed carotenoid 
patterns in banana. In the current study, an analysis of critical branch-point 
isoprenoid metabolites including MEP, DXP, IPP, DMAPP, GPP, GGPP and 
ent-kaurene were planned to investigate the dynamic flux changes during 
‘Asupina’, ‘Cavendish’ and transgenic ‘Cavendish’ fruit development. 
However, this approach was halted due to extensive method development 
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and optimisation requirements which had cost and time implications for the 
current project. Nonetheless, such studies would certainly be valuable in 
revealing isoprenoid regulation mechanisms in banana.  
Based on the current findings, specifically the observed transition of 
non-coloured plastids to chromoplasts in ‘Asupina’, future transgenic 
approaches may consider isolation and use of banana Or homologs as a 
possible target for elevating total carotenoids in banana. Since the ‘Asupina’ 
genome is not sequenced, using map-based positional cloning of the banana 
Or homolog is likely to present some challenges since both ‘Asupina’ and 
‘Cavendish’ are parthenocarpic and generating a mapping population by 
conventional breeding would be impossible. Based on the cauliflower Or 
gene sequence, it is possible though that an ‘Asupina’ homologue could be 
isolated and eventually functionally tested for improved carotenoid 
metabolic sink capacity of low accumulating banana cultivars. However, it 
should be noted, as discussed above, that it is possible that the underlying 
molecular mechanism controlling the development of chromoplasts in 
‘Asupina’ may be different to that of the cauliflower Or mutant. In the 
meantime, as a result of this project, the mutant cauliflower Or gene is being 
expressed in a fruit specific manner in stably transformed banana as part of 
the Banana21 project at QUT. This will assess if triggering chromoplast 
development in low carotenoid accumulating cultivars is an effective 
strategy for increasing carotenoid levels. It should be noted however, that 
very high carotenoid contents may come at a cost, following observations of 
a lower DMC in ‘Asupina’. Therefore a balance between high carotenoid 
content and DMC will need to be achieved.  
Additionally, the current study revealed possible involvement of 
environmental factors, particularly light, in the regulation of metabolic flux 
through the pathway. Although the components of the light signalling 
pathway are not well understood, the expression of PIF TF has been shown 
down-regulate the expression of PSY in Arabidopsis (Toledo-Ortiz et al., 
2010). PIF1 represses the transcription of PSY by binding to the PSY 
promoter in the absence of light. The effect of incident light on the amount of 
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carotenoids in banana fruits warrants future investigation so that it may be 
taken into consideration when developing PVA biofortified plants for 
specific agro-ecological zones. 
Finally, regulation of genes at the promoter level has also been 
demonstrated to regulate carotenoid accumulation in some instances. For 
example, functional characterisation of a LCYB promoter in tomato recently 
demonstrated that the promoter is developmentally regulated and its 
expression is up-regulated in chromoplast-rich flowers and fruits (Dalal et 
al., 2010). It would be interesting to isolate and characterise the effect of 
promoters of banana carotenoid biosynthetic genes to investigate their roles 
in metabolic flux regulation and to determine, if in some instances, it is the 
influence of promoters that determine the tissue specificity of banana 
carotenoid biosynthesis gene paralogues. 
 
6.6.  CONCLUSION  
The regulation of carotenoid biosynthesis in banana fruit appears to be 
complex involving a network of signals that control both transcriptional and 
non-transcriptional events. Furthermore, these regulatory mechanisms 
appear to vary significantly between cultivars. As such, fundamental 
biochemical and biotechnological approaches should be taken in a systematic 
manner across a wider range of banana cultivars and additional crops, to 
expand our understanding of the regulation of carotenoid accumulation, 
notably in relation to their biosynthesis, sequestration, and degradation. This 
will ultimately aid more precise metabolic engineering strategies to be 
developed.  
In regards to metabolic engineering strategies for PVA biofortification 
programmes, these data should be combined with detailed cost/benefit 
analyses with respect to PVAC enhancements relative to yield and DMC 
penalties. Subsequently PVA biofortification strategies should be selected so 
that crops with elevated carotenoid contents can be developed to combat VA 
deficiencies without a compromise of desirable crop attributes other 
nutritional qualities.  
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Appendix I. Suppliers of specialised reagents, chemicals and analytical 
software 
Agilent Technologies, Santa Clara, CA, USA 
Applied Biosystems Inc, Foster City, CA, USA 
Beckman Coulter Inc., Brea, CA, USA 
Bioline (Aust) Pty Ltd, Alexandria, NSW, Australia 
Bio-Rad, Hercules, CA, USA 
Cell Projects Ltd, Harrietsham, Kent, UK 
Clontech, Mountain View, CA, USA 
E-C Apparatus Corporation, Milford, MA, USA 
GCu200, Thuringowa Central, QLD, Australia 
GraphPad Software, San Diego, CA, USA, www.graphpad.com 
Illumina Inc., San Diego, CA, USA 
Injex Pharma, Berlin, Germany 
Invitrogen, Carlsbad, CA, USA 
Jeol, Akishima-shi, Tokyo, Japan 
Kaiser Fototechnik, Buchen, Germany 
Leica, Solms, Germany 
Merck, White House Station, NJ, USA 
Microsoft, Redmond, WA, USA 
Nikon Corporation, Tokyo, Japan 
Owl Separation Systems Inc. Portsmouth, NH, USA 
Perkin Elmer, Waltham, MA, USA 
Promega Corporation, Madison, WI, USA 
Qiagen, Venlo, Limburg, Netherlands 
RCI Labscan, Bangkok, Thailand 
Roche Diagnostics, Basel, Switzerland 
Sarstedt, Nümbrecht, Germany 
Scientific, Waltham, MA, USA 
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Sigma-Aldrich, St. Louis, MO, USA 
SP Industries, Pennsylvania, USA 
Stratagene Corporation, La Jolla, CA, USA 
Syngene, Cambridge, UK 
Waters Corporation Milford, MA, USA 
 
APPENDIX II. Buffers, Solutions and Media  
Agararose gel loading dye (6X): 0.25% (w/v) bromophenol blue, 50% TE 
(w/v), 50% (v/v) glycerol 
Alkaline lysis solution I: 50 mM Glucose, 25 mM Tris-HCl pH 8.0, 10 mM 
EDTA pH 8.0 
Alkaline lysis solution II: 0.2 M NaOH, 1% (w/v) Sodium Dodecyl Sulphate 
(SDS) 
Alkaline lysis solution III: 2 M Glacial acetic acid, 3 M potassium acetate 
Alkaline lysis solution IV: 96% (v/v), Chloroform 4% (v/v) Iso amyl alcohol 
CHCl3: IAA: Chloroform isoamyl alcohol in a ratio of 24:1(v/v) 
CTAB Buffer: 0.8% (w/v) cetyltrimethylethyl ammonium bromide, 1% 
(w/v)  N-lauroylsarcosine, 220 mM Tris HCl (pH 7.8), 22 mM EDTA (pH 8.0) 
EDTA: 0.5 M Ethylene diamine tetra-acetic acid, pH 8.0 
GUS staining buffer: 1 mM X-Gluc (5-bromo-4-chloro-3-indolyl-β-D-
glucuronide) in 100 mM sodium phosphate (pH 7.0), 10 mM EDTA, 0.5 mM 
potassium ferricyanide, 0.5 mM potassium ferrocyanide and 0.3% (v/v) 
triton X-100. 
Infiltration medium: 10 mM MgSO4.7H2O, 9 mM MES (pH 5.6) and 100 µM 
acetosyringone  
IPTG: 0.1 M Isopropyl-β-D-thiogalactopyranoside in sterile water 
Lura-Bertani Agar media (LA): 1% (w/v) bacto-tryptone , 0.5% (w/v) yeast 
extract, 170mM sodium chloride and 1.5% (w/v) agar. 
Luria-Bertani Broth media (LB): 1% (w/v) bacto-tryptone , 0.5% (w/v) yeast 
extract, 170mM sodium chloride 
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RNA Extraction Buffer: 150 mM Tris base, 2% (w/v) SDS, 1% (v/v) 2-
mercaptoethanol, 100 mM EDTA (pH 7.5, adjusted with saturated boric acid) 
SOB media: 2% (w/v) bacto-tyrptone, 0.5% (w/v) yeast extract, 10 mM 
NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4, pH 6.7-7.0 
SOC media: 2% (w/v)  bacto-tryptone, 0.5% (w/v) yeast extract, 10 mM 
NaCl, 2.5 mM KCl, 20 mM Mg2+ Stock (for 100 ml: 20.33 g MgCl2.6H2O, 24.65 
g MgSO4.7H2O), 20mM glucose 
TAE Buffer (1X): 10 mM Tris-acetate, 0.5 mM EDTA pH 7.8 
TE Buffer: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA 
Transformation buffer (TB): 0.25% (w/v) Hepes, 55 mM MnCl2, 15 mM 
CaCl2, 250 mM KCl, pH 6.7 
X-gal: 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside, 2% (w/v) 
prepared dimethylformamide (DMF) 
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Appendix III.  Primers used in the study 
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Appendix III continued…
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Appendix III continued…
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Appendix IV. Contribution of individual carotenoids to total 
carotenoids in ‘Cavendish’ during fruit development 
Each biological replicate was analysed in triplicate at each stage of fruit development. Values 
represent averages ± SEM. Compositions of accumulative carotenoids at each stage of 
development are expressed as a percentage of total carotenoids and shown in parentheses.  
 
 
 
Appendix V. Sequence comparison of ‘Asupina’ and ‘Cavendish’ CYP 
reference gene target  
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Appendix VI. Messenger RNA sequences used to design gene-
specific primers 
 
 
 
Appendix VII. Consensus sequences of isolated carotenoid genes 
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Appendix VII continued… 
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Appendix VII continued… 
 
 
 
 
 
 
 
 
 
 
 
 
 Appendices 195 
 
Appendix VII continued… 
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Appendix VII continued… 
 
 
 
Appendix VIII. Sources of protein sequences used in phylogenetic 
analysis 
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Appendix IX. CCD4 cDNA sequences isolated from ‘Asupina’ and 
‘Cavendish’ fruits 
The region highlighted with a black background represents the 417-bp 
hairpin target used in CCD4 silencing.  
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Appendix IX continued… 
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Appendix X. T-DNA vector map used in CCD4 silencing 
 
Schematic representation of the T-DNA from the expression vectors used in 
banana fruit for transient agro-infiltration assays 
Binary vectors A) p1300-CaMV35S>CCD4 RNAi-NOS expression vector containing inverted 
repeats of CCD4 fragments under the transcriptional control of a CaMV 35S promoter, B) 
p1300-CaMV35S>GUS-NOS expression vector containing a b-glucuronidase (GUS) reporter 
gene under the transcriptional control of a CaMV 35S promoter. Abbreviations: RB, right 
border; LB, left border; pCaMV 35S, promoter sequence of the Cauliflower Mosaic Virus; 
Syn, 83-bp syntron sequence; TNos, terminator of the Agrobacterium nopaline synthase gene; 
Hyg, hygromycin resistance gene; TCaMV, terminator sequence of the Cauliflower Mosaic 
Virus; Lac, Lac Z gene sequence; GUS, β-glucuronidase (uidA) gene sequence. 
 
 
Appendix XI. Correlation of CCD4 expression with lutein, α-carotene 
and cis-β-carotene 
 
 
 
Appendix XII. Summary of P-values for the differences between 
DMC of ‘Asupina’ and ‘Cavendish’ fruits 
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